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Abstract 



B mesons are bound states of a 6 quark and a light anti-quark. While the 
binding is provided by the strong interaction B mesons can only decay by 
5^ I the weak interaction. Since the top quark mass is large, B mesons are the 

only mesons containing quarks of the third generation and thus their decays 
provide a unique opportunity to measure the Cabibbo-Kobayashi-Maskawa 
(CKM) matrix elements Vcb, Vub, Vts, and Vtd which describe the couplings of 
the third generation of quarks to the lighter quarks. 

We review experimental results on masses, lifetimes and decays of B 
mesons. These include measurements of the inclusive production of charmed 
and non-charmed mesons and baryons, observations of semileptonic B decays, 
B — B mixing, B meson lifetimes, measurements of exclusive hadronic final 
states with charmed mesons, the search for exclusive hadronic final states 
without charmed mesons, the first observation of the decay B — > K*'y which 
is described by an electromagnetic penguin diagram and measurement of the 
inclusive 6 — > 57 rate. The theoretical implications of these results will be 
considered. 
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I. INTRODUCTION 



One intriguing puzzle in physics is the regular pattern of the three fermion and quark 
families. The existence of families gives rise to many of the free parameters of the Stan- 
dard Model, in particular the fermion masses and the elements of the Cabibbo-Kobayashi- 
Maskawa matrix (CKM) ^ that describe the mixing between the quark generations. The 
determination of all of these parameters is required to fully define the Standard Model and 
may also reveal an underlying structure that will point to new physics. In the Standard 
Model of three generations the CKM matrix is defined by three real parameters and one 
complex phase. It relates the eigenstates of the strong and weak interactions and can be 
written 



This empirical parameterization, suggested by Wolfenstein 0, is correct to terms of order 
with A = sinOcabibbo ~ 0.22. In the case of the two generations, the matrix ^ is a 
simple rotation matrix where OcaUbbo is the angle of rotation. For three generations, V 
may contain complex elements and allows for CP violation if the parameter 77 is non-zero. 
Although readily accommodated in the Standard Model, CP violation remains one of the 
least well understood phenomena in physics. So far it has only been observed in the decays 
of kaons. While the results from the kaon sector are consistent with the Standard Model, the 
complications introduced by strong interaction effects make it nearly impossible to ascertain 
whether the complex CKM phase is the sole source for the observed asymmetries. 

The only other observational constraint on CP violation comes from cosmology. As was 
first noted by Sakharov, there is an important connection between the observed baryon 
asymmetry in the universe and CP violation in fundamental processes 0]. He postulated 
that CP violation in fundamental processes in the early universe, C and baryon number vio- 
lation, and the absence of thermal equilibrium gave rise to the observed baryon asymmetry. 
However, recent work suggests that the Standard Model and the complex phase in the CKM 
matrix cannot provide sufficient CP violation to account for the magnitude of the baryon 
asymmetry so that other sources of CP violation must be present [Q . An experimental effort 
to determine the magnitude of the CKM matrix elements and to measure the CP violating 
phase is therefore of fundamental importance. 

B meson decay provides an ideal opportunity to pursue such a program. Since the 
dominant B meson decay mechanisms involve generation changing transitions which are 
suppressed by the small CKM matrix element Vch-, rare processes such as 6 s, 6 ^ n, 
and h d transitions are expected to be observable. Several of these B decay mechanisms 
are shown in Figure |l|. Measurements of B meson decay rates are used to determine the 
couplings between quarks of the third generation and lighter quarks, the CKM elements 




(1) 



The matrix V can be expressed approximately as 



/ 1 - AV2 A 

-A 1 - AV2 

\AX\l- p-i7]) ~A\^ 
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\Vcb\, \Vub\, \Vts\, and \Vtd\- In addition, the Standard Model predicts large CP asymmetries 
for the B system. Experiments with B mesons may lead to the first precise determination 
of the complex CKM phase. 

In the framework of the Standard Model the CKM matrix must be unitary, ie. W'^ = 1. 
This gives rise to the following relationships between the matrix elements. 

KdKs + v:,v,s + v:,Vts = 

v:,Vub + v:,v,, + v,:vt, = o 
v:,v^d + v:,v^ + v:,Vt, = o 

Chau, Keung p[ and Bjorken have noted that the last equation can be visualized as a 
triangle in the complex plane with vertices at (0,0), (0, 1) and (p, //). Measurements of the 
magnitudes of the CKM elements determine the lengths of the sides of the triangle, while 
measurements of CP asymmetries determine the interior angles of the triangle. 

In recent years, there have been major advances in our understanding of B meson decay. 
However, data samples at least one order of magnitude larger than those available at present 
are required to observe CP violating asymmetries in the B meson system and to provide 
fundamental consistency checks of the Standard Model. This is the justification for the 
construction of high luminosity e^e~ storage rings in the US at SLAC(PEP II/BABAR) [0, 
at Cornell (CESR PHASE HI, CLEO HI) §, and in Japan(TRISTAN-II/BELLE) §, as 
well as a dedicated fixed target experiment at the HERA ring at DESY H], and proposals 



for hadron collider experiments at Fermilab [T^ and at CERN |TT| 



In this paper we will review the current status of experimental B physics and then briefly 
discuss CP violation. Most of our present knowledge on B mesons comes from experiments 
performed on the T(45') resonance at a center of mass energy of 10.58 GeV and in recent 
times from the large data sample of about 3 fb~^ that has been collected by the CLEO II 
collaboration at the Cornell Electron Storage Ring (CESR). Older results from the ARGUS 
experiment, which operated at the DORIS storage ring and from the CLEO 1.5 experiment, 
which preceded the CLEO II detector are also included. We note that the LEP exper- 
iments and the CDF experiment at the Tevatron Collider have recently provided precise 
measurements of B meson lifetimes. The LEP experiments have also directly observed the 
time dependence of B^ — B^ mixing and set limits on the B^ — Bg mixing. They have also 
observed exclusive hadronic decays of both B and Bg mesons. 



A. Hadronic and Semileptonic B Decays 

B meson decays occur primarily through the CKM favored b c transition. In such 
decays the dominant weak decay diagram is the spectator diagram, shown in Fig. |l](a), where 
the virtual W~ materializes into either a lepton and anti-neutrino or a ud or cs quark pair. 
In hadronic decays, the quark pair becomes one of the final state hadrons while the c quark 
pairs with the spectator anti-quark to form the other hadron, while in semileptonic decays, 
the c quark and spectator antiquark hadronize independently of the leptonic current. 

The extraction of Standard Model parameters from experimental results is complicated 
by the fact that only B mesons can be studied and not free b quarks. The light quarks and 
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FIG. 1. B meson decay mechanisms: (a) external spectator diagram and (b) color suppressed 
spectator diagram (c) 6 — > u spectator diagram (d) 6 — > 57 electromagnetic penguin (e) W-exchange 
diagram (f) W-annihilation diagram and (g),(h) box diagrams for B — B mixing. 

the gluons surrounding the h quark in the B meson lead to significant corrections that have to 
be taken into account. Since leptons do not interact strongly, semileptonic B meson decays 
are less affected by these QCD corrections and the theoretical calculations are believed to be 
more reliable. We discuss several measurements of both inclusive and exclusive semileptonic 
decay rates that have been used to determine the strength of the b ^ c coupling, ie. \Vcb\- 

In hadronic decays, the spectator diagram is modified by hard gluon exchanges between 
the initial and final quark lines. This leads to the "color suppressed" diagram shown in 
Fig. |l|(b), which has a different set of quark pairings. Observation of i? — >■ ipXg decays, 
where Xg is a strange meson, gives experimental evidence for the presence of this diagram. 
Further information on the size of the color suppressed contribution can be obtained from 
B^ —>■ (or D*^)X'^ transitions, where X° is a neutral meson. In B~ decays, both types 
of diagrams are present and can interfere. By comparing the rates for B~ and B'^ decays. 
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the size and the relative sign of the color suppressed amplitude can be determined. 

It was suggested that in analogy to semileptonic decays, two body hadronic decays of B 
mesons can be expressed as the product of two independent hadronic currents, one describing 
the formation of a charm meson and the other the hadronization of the ud (or cs) system 
from the virtual W~ |T^. Qualitatively, for a B decay with a large energy release the ud 
pair, which is produced as a color singlet, travels fast enough to leave the interaction region 
without influencing the second hadron formed from the c quark and the spectator anti- 
quark. The assumption that the amplitude can be expressed as the product of two hadronic 
currents is called "factorization" in this paper. It is expected that the simple approximation 
of the strong interaction effects by the factorization hypothesis will be more reliable in B 
meson decays than in the equivalent D meson decays due to the larger characteristic energy 
transfers and the consequent suppression of final state interactions. We will discuss several 
tests of the factorization hypothesis based on the comparison of semileptonic and hadronic 
B meson decays [O. 



B. Rare B Decays 

All B meson decays that do not occur through the usual b ^ c transition are known 
as rare B decays. The simplest diagram for a rare B decay is obtained by replacing the 
b ^ c transition by a CKM suppressed b ^ u transition. These decays probe the small 
CKM matrix element Vub-, the magnitude of which sets bounds on the combination + 77^ in 
the Wolfenstein parameterization of the CKM matrix. So far the only measurement of the 
magnitude of Vub has been obtained from measurements of inclusive semileptonic B decays 
1^ . We will discuss the status of the search for rare hadronic B decays, and in particular 



the possibility of measuring the decay B^ 7['^tt~ which is important for the study of CP 
violation in B decays. 

Since b ^ u transitions are suppressed by the small value of \Vuh\ it is expected that 
additional diagrams will make observable contributions to some hadronic decay modes. The 
most significant of these diagrams is the one-loop flavor-changing neutral current diagram 
known as the "penguin" diagram (Fig. |I| d). The CKM favoured part of this diagram, 
corresponding to a 6 — s transition, is expected to dominate the amplitude of rare decays 
to final states with one or three s-quarks. There is also a CKM suppressed b ^ d amplitude 
which may not be negligible in decays to final states with no c or s quarks. It should be 
noted that the loop diagram is much more significant in B decays than in D decays because 
the b ^ s loop is sensitive to the large t quark couplings Vtb and Vts, whereas contributions 
to the equivalent c — > m loop are suppressed either by the small couplings Vcb and Vub, or by 
the small s and d quark masses. 

The observation of the decay B — > fC* (892)7, reported in 1993 by the CLEO II experi- 
ment, is the first direct evidence for the penguin diagram |]T5|. This decay is described by 
the electromagnetic transition b — >■ 57, which is a 6 — >■ s penguin loop accompanied by the 
radiation of a photon from either the loop, or the initial or final state quarks. This important 
new result will be discussed in some detail. We will also comment on the recent discussion 
about the sensitivity of the b s'j process to non-standard model contributions within the 
loop In many extensions of the standard model an additional contribution to 6 ^ 57 is 
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expected to come from a charged Higgs. We will discuss the extent to which recent data from 
the CLEO II experiment allow bounds to be set on such non-standard model contributions. 

To date, no evidence has been found that either annihilation or W-exchange processes are 
present in B meson decay. The annihilation diagram (shown in Fig. |l| (f)) would result in 
purely leptonic decays such as r+z/. These modes have been searched for and provide 

constraints on the B meson decay constant, Jb- 

In 1955, Gell-Mann and Pais predicted oscillations between neutral meson and their 



antiparticles which were later observed in the neutral kaon system ||T^. In the Standard 
Model such particle-antiparticle oscillations are described by the box diagrams shown in 
Fig. (g),(h). Historically, it was a great surprise in 1987 when ARGUS observed B^B^ 
oscillations at a rate nearly two orders of magnitude larger than the theoretical expectation 
at that time |T3. This result was the first indication that the top quark was more massive 



than the 30-50 GeV range anticipated by the theorists and indicated by the UAl experiment 
at the time. It also demonstrates how the study of B mesons has provided insight into the 
physics of higher mass scales. 

To summarize, the detailed study of B mesons is driven by the need to determine the 
elements of the CKM matrix which are fundamental parameters of the Standard Model. 
A complete set of measurements will overconstrain the Standard Model and will check its 
internal consistency. In light of recent developments in cosmology, it is conceivable that this 
will lead us to new physics outside of the framework of the Standard Model. Efforts are now 
underway to measure additional rare B decays and to observe CP Violation in the B sector. 
As noted above, every major high energy physics laboratory has embarked on this program. 



II. THE EXPERIMENTAL STUDY OF B DECAY 



Experimental b physics began in 1977 when the CFS collaboration at Fermilab observed 
a narrow resonance at an energy of about 9.5 GeV in the reaction p -|- nucleus — * Z^"*"/^" + X 
p!9| . This resonance was named T(9460) and was subsequently identified as the 1 state 
of the bb or bottomonium system. A second resonance at a mass near 10.0 GeV was later 
isolated in the Fermilab data and later identified as a radial excitation of the bb state. For 
almost two decades which followed, this was the last significant contribution to B physics 
by a hadron machine as e~^e~ storage rings took over. Within a year of its discovery, the 
T resonance was confirmed by experiments at DORIS [p0| -|2^ and at CESR p3|p^ . Most 
of our current knowledge of B mesons is based on analyses of data collected at these two 
machines. In recent years, advances in detector technology, in particular the introduction 
of high resolution silicon vertex detectors have allowed experiments at high energy colliders 
(i.e. LEP, SLC and the TEVATRON) to efficiently tag b quarks. This has led to precise 
lifetime measurements and to the discovery of new 6-flavored hadrons. 



A. T{4S) Experiments 

The total e~^e~ annihilation cross section as a function of center of mass energy in the 
region of the T resonances is shown in Fig. ^ The width of the T{4S) state is 23.8 ± 2.2 
MeV [25] which is significantly larger than the width of the three lighter resonances. OZI 
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(Okubo-Zweig-Iizuka) suppression of hadronic decays, which is responsible for the narrow 
width of the T(IS') T{2S) and T(3S') states is no longer operative. This is the first indication 
that the T{4S) resonance lies above the threshold for BB production. Further evidence for 
B meson production came from the observation of a dramatic increase in the lepton yield at 
the T(4S') resonance. The momentum spectrum of the leptons was found to be consistent 
with production of a heavy quark. 



FIG. 2. e'^e cross-section measured by CLEO and CUSB showing the masses of the T reso- 
nances. (Broken horizontal scale) 



The first fully reconstructed B mesons were reported in 1983 by the CLEO I collaboration 
|26| . Since then the CLEO 1.5 experiment [^,^ has collected a sample with an integrated 
luminosity of 212 pb^^ |29|, the ARGUS experiment [pO|-|33[] has collected 246 pb~^, and the 
CLEO II experiment has collected about 3 fb~^, of which between 0.9 and 2.0 fb~^ have been 
used to obtain the results described in this review . All of these experiments 



at e'^e" colliders record data on the T(4S') resonance, which is only 20 MeV above BB 
threshold. The observed events originate from the decay of either the B or the B meson 
as there is not sufficient energy to produce additional particles. The B mesons are also 
produced nearly at rest. The average momentum is about 330 MeV so the average decay 
length is approximately 30 fim. The T(4S') resonance decays only to B^B^ or to B^B~ 
pairs, while heavier states such as Bg or Be mesons and 6-flavored baryons are not accessible. 

For quantitative studies of B decays the initial composition of the data sample must be 
known. The ratio of the production of neutral and charged decays of the T(4S') is therefore 
an important parameter for these experiments. The ratio is denoted 



fo 



T(45) ^ B+B~ 



T{AS) B^B^ 



CLEO has measured this ratio and found 



/- 



= 1.04 ±0.13 ±0.12 ±0.10 

Jo 
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The last error is due to the uncertainties in the ratio of 5° and hfetimes. This is consistent 
with equal production of B^B~ and B^B^ pairs and unless explicitly stated otherwise we 
will assume that f+/fo = 1- Older results which assumed other values of /+ and /o have 
been rescaled. 

B meson pairs from T(4S') decays are produced in a state with quantum numbers J^'" = 
1 . As a result the direction of flight of the B meson will follow a sin^ distribution, 
whereas most of the background has a fiat distribution in this variable. An important 
consequence of production with these quantum numbers is that a B^B^ meson pair will 
evolve coherently until one of the mesons decays. 



1. Continuum Background Suppression 

The T(4S') resonance sits on a continuum background consisting of e^e^ —>■ qq, where q 
can be any of u, d, s, c. The ratio of the resonance to continuum cross section is approximately 
1:3. The continuum background is studied by taking a significant amount of data at an 
energy just below the T(4S') resonance, e.g. CLEO II records a third of its data at an energy 
55 MeV below the resonance. Using this data sample, and Monte Carlo simulations of qq 
jets, cuts have been devised to suppress the continuum background. In T(4S') production of 



FIG. 3. Absolute value of the cosine of the angle between the the direction of the B candidate 
and the sphericity axis of the remaining event for (a) continuum data and (b) BB Monte Carlo. 



BB pairs, the B mesons are produced almost at rest, and their decay axes are uncorrelated. 
These events are rather spherical in shape, and can be distinguished from jetlike continuum 
events using a variety of event shape variables. For the study of inclusive production in B 
decays a particularly useful variable is R2 = H2/HQ, where H2 and Hq are the second and 
zeroth Fox- Wolfram moments PT|. This variable is for a perfectly spherical event, and 1 



for an event completely collimated around the jet axis. For the study of exclusive B decay 



11 



modes it is often more useful to compare the axis of the reconstructed B candidate with the 
axis of the rest of the event. Examples of variables used are the direction of the sphericity 
axis (see Fig. ||) or the thrust axis of the rest of the event with respect to the B candidate, 
9s or 9t, and the sum of the momenta transverse to the axis of the B candidate, known as 
s±. 

In some cases, we will discuss the use of these cuts, and their effectiveness for particular 
analyses, but refer the reader to other references for a more detailed discussion of the shape 
variables [0, [H. 



2. Selection of B Candidates 

As an example of the techniques of B reconstruction we will briefly describe the procedure 
used by the CLEO II experiment to reconstruct the decay modes B D^*^{nn)^. The 
CLEO II detector is described in detail elsewhere It has a momentum resolution for 

charged tracks given by (Sp/p)^ = (0.0015p)^ + (0.005)^, and an energy resolution for isolated 
photons from the Csl barrel calorimeter of 6E/E[%] = + 1.9 — O.IE, where p and 

E are in GeV. Charged tracks are identified as pions or kaons if they have ionization loss 
information (dE/dx), and/or time-of- flight information (ToF), consistent with the correct 
particle hypothesis. Photon candidates are selected from showers in the calorimeter barrel 
with a minimum energy of 30 MeV, which are not matched to charged tracks, and which 
have a lateral energy distribution consistent with that expected for a photon. Neutral pions 
are selected from pairs of photons with an invariant mass within 2.5a of the known 7r° mass. 

Candidate mesons are identified in the decay modes —>■ K^n^, —>■ K^-k^-k^ , 
and K^ti^-k^ti^ , while mesons are identified in the decay mode —>■ K^n^-ri^. 

Charged D* candidates are found using the decay D*^ —>■ D^7t~^, while neutral D* candidates 
are found using the decay — > D^n^ . Other D and D* decay modes are not used because 
of poorer signal to background ratios, or because of lower yields . The reconstructed D 



masses and D* — mass differences are required to be within 2.5(T of the known values. 

The D meson candidates are combined with one or more additional pions to form a B 
candidate. Cuts on the topology of the rest of the event are made in order to distinguish 
BB events from continuum background, as discussed in the previous section. The following 
requirements are imposed: R2 < 0.5, and |cos(6'5)| < 0.9(0.8,0.7) depending on whether 
there are one (two, three) pions added to the D meson. As is shown in Fig. ^, the cosine of 
the sphericity angle, 6'5, is uniformly distributed for signal, but peaks near ±1 for contin- 
uum background. Requiring that |cos(^5)| be less than 0.7 typically removes 80% of the 
continuum background, while retaining 70% of the B decays. 

The measured sum of charged and neutral energies, Emeas, of correctly reconstructed B 
mesons produced at the T(4S'), must equal the beam energy, Ebeam, to within the exper- 
imental resolution. Depending on the B decay mode, uae, the resolution on the energy 
difference AE = Ebeam — Emeas varies between 14 and 46 MeV. Note that this resolution 
is usually sufficient to distinguish the correct B decay mode from a mode that differs by 
one pion. For final states with a fast p~ the energy resolution depends on the momenta of 
the final state pions from the p meson. This dependence is conveniently parameterized as a 
function of the angle between the vr" direction in the p~ rest frame and the p~ direction in 
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FIG. 4. The beam constrained mass distributions from CLEO II [34| for: (a) B 



decays, (b) B — 
decays for | cos Qp\ 



> 0.4. 



decays for |cos9p| > 0.4. (c) B^ D+vr" decays . (d) S° 



D+p- 



the lab frame, which we denote as the p hehcity angle, Gp. When cosGp = +1, the error in 
the energy measurement is dominated by the momentum resolution on the fast vr", whereas 
at cosGp = — 1 the largest contribution to the error in the energy measurement comes from 
the calorimeter energy resolution on the fast vr". 

To determine the signal yield and display the data the beam constrained mass is formed 




^B = ^L™- XpI ' (3) 



where Pi is the momentum of the i-th daughter of the B candidate. The resolution in this 
variable is determined by the beam energy spread, and is about 2.7 MeV for CLEO II, 



and about 4.0 MeV for ARGUS. [^] These resolutions are a factor of ten better than the 
resolution in invariant mass obtained without the beam energy constraint. The invariant 
mass spectra from the CLEO II analysis of S — > D{nn)~ decays are shown in Fig. ^ ||3^ . 

For a specific B decay chain, such as 5" D^tt~ , — > K~n~^7r^ there may be multiple 
combinations in a given decay chain. In the CLEO II analysis, if there are multiple candidates 
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only the entry with the smallest absolute value of AE is selected for events with Mb > 5.2 
GeV. An alternative method is to select the candidate with the highest total probability as 
calculated from the sum of all contributions from particle identification, kinematical fits 
and the beam energy constraint |32]. 



3. Background Studies 

In order to extract the number of signal events it is crucial to understand the shape of 
the background in the Mb distribution. There are two contributions to this background, 
continuum and other BB decays. The fraction of continuum background varies between 
58% and 91% depending on the B decay mode [^. The shape of the continuum background 



is well understood since it depends primarily on the transverse momentum distributions of 
the final state particles relative to the jet axis. This has been studied using the off-resonance 
data sample, and using Monte Carlo techniques. 

The shape of the BB background is more difficult to understand since it is mode depen- 
dent. It also has a tendency to peak in the signal region, since the combinatorial background 
comes mostly from combinations in which the true final state is altered by one low energy 
particle. A particularly troublesome background occurs when the decay D*^ D^'j is re- 
placed by the decay D*^ — > D^tt^. To determine the correct background shape for each B 
decay mode, CLEO II has studied the Mb distributions for AE sidebands, and for combi- 
nations in which the charged particles have the wrong charges for the expected spectator 
decay diagram, e.g. D^n^ and D'^tt^. 

It is found that all of the background distributions can be fitted with a linear background 
below M5=5.282 GeV, and a smooth kinematical cutoff at the endpoint, which is chosen to 
be parabolic. For each B decay mode CLEO II uses this background function and a Gaussian 
signal with a fixed width of 2.64 MeV to determine the yield of signal events. In the ARGUS 



and CLEO 1.5 experiments slightly different background parameterizations were used |48|. 



B. High Energy Collider Experiments 

While the T(4S') machines are well suited to study many aspects of B physics some 
questions can only be investigated by experiments at higher center of mass energies. These 
include lifetime measurements and the search for heavier 6-fiavored mesons and baryons. 

The four LEP experiments and SLD operate on the Z° resonance. At this energy, the 
cross section for bb production is about 6.6 nb and the signal-to-noise ratio for hadronic 
events is 1:4, comparable to the T(4S') resonance. The kinematic constraints available on 
the T(4S') cannot be used on the Z° but due to the large boost the b quarks travel ~ 2.5 
mm before they decay and the decay products of the two 6-hadrons are clearly separated 
in the detector. The large boost makes precise lifetime measurements possible as well as 
observations of time dependent phenomena such as B^ — B^ mixing. 

Compared to e^e~ annihilation, the hb production cross section at hadron colliders is 
enormous, about 50;u6 at 1.8 TeV. However, a signal-to-background ratio of about 1:50 
makes it difficult to extract b quark signals and to fully reconstruct B mesons. 
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In the past, evidence for the production of b quarks in high energy experiments has been 
deduced from the presence of high p± leptons. At hadron colhders, selecting final states 
containing leptons also provides a powerful tool to suppress QCD backgrounds. Recently, 
significant progress in the isolation of events containing b quarks has been made possible 
by the installation of silicon vertex detectors near the interaction point at several collider 
experiments. 



FIG. 5. (a) The ipK^ mass distribution from the CDF experiment (b) The ipK*^ mass distri- 
bution from the CDF experiment. The solid line indicates the fitted region [p07|. 



These b quarks hadronize as 5^, B^, Bg, and B^ mesons or as baryons containing b 
quarks. With the improvement in background suppression provided by these solid state 
detectors, signals for exclusive hadronic B^, Bu and Bs meson decays have been isolated 
in the invariant mass spectra for low multiplicity final states. Examples include the decay 
modes 5"*"^°) ■tpK'^^^*^ shown in Fig. ^ and B^ ifxp shown in Fig. However, the 
resolution in invariant mass for high energy experiments, which is of order 10-20 MeV, is 
poorer than the resolution in beam constrained mass in threshold experiments. At CDF, 
the mass resolution, about 10 MeV, is sufficient to separate modes such as B~ ip7i~ 
from B~ ipK~ . However, for experiments at LEP the mass resolution is frequently not 
sufficient to clearly separate B meson decay modes with an additional photon or modes where 
one kaon is replaced with a pion. Evidence for the production of 6-fiavored baryons has also 



been reported recently but the relative production fractions are not well known [49 . 

Although collider experiments cannot determine absolute branching fractions without 
making further assumptions or using information from experiments at the T(4S'), they can 
measure ratios of branching fractions such as the ratio B{B — > ipK*) / B{B —>■ ipK). Some 
high energy experiments have also obtained inclusive signals for D^,D*^,ijj mesons in B 
decay. 
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C. Determination of Average B Meson Branching Fractions 



To extract B meson branching fractions, the detection efficiencies are determined from 
a Monte Carlo simulation and the yields are corrected for the charmed meson branching 
fractions. In order to determine new average branching ratios for B meson decays the 
results from individual experiments must be normalized with respect to a common set of 
charm meson and baryon absolute branching fractions. The branching fractions for the 
and modes used to calculate the B branching fractions are given in Tables |I|, y. We 
have chosen the average of values for the —>■ K~tt^ branching fraction recently reported 
by CLEO 11 and ALEPH to normalize the results ||5^ . The branching fractions of other 
decay modes relative to D*^ K^ti^ are taken from the PDG compilation |2^. The 



branching fractions are also taken from the PDG compilation 

TABLE I. branching fractions [%] used in previous publications and this review. 



Mode 



ARGUS, CLEO L5 |2§, HI ARGUS (DDs) || CLEO II [|| This review 



K-TT+ 



4.2 ±0.6 
9.1 ± 1.1 
13.3 ± 1.5 
6.4 ± 1.1 



3.7 ±0.3 
7.5 ±0.5 
11.3 ± 1.1 
5.4 ±0.5 



3.9 ±0.2 
8.0 ±0.5 
12.1 ± 1.1 



3.9 ±0.2 
7.9 ±0.6 
13.4 ± 1.15 
5.1 ±0.6 



TABLE II. D'^ branching fractions [%] used in previous publications and this review. 



Mode 



ARGUS, CLEO 1.5 |2|, |l[ ARGUS (DDs) 



CLEO II g This review 



K TT^TT^ 



9.1 ± 1.4 

3.2 ±0.5 



7.7 ± 1.0 
2.6 ±0.4 
6.9 ± 1.1 



9.1 ± 1.4 



9.1 ±0.6 
2.7 ±0.3 
7.0 ± 1.0 



Branching ratios for all Dg decay modes are normalized relative to B{D^ —>■ (pir^). There 
are no model- independent measurements of the absolute branching fraction for —>■ (pn^. 
The currently favored method uses measurements of T{D^ —>■ (j)t^v) /T{D'^ (pir^). The 
rate T{Df — > (p'^iu) is determined from measurements of Tjj+/t£,+ , r{D^ K*ii'), and 
using T{D~^ — >• K*ii')/ T{D^ (pi'^u) obtained from theory. We use the value of B{D^ — > 
(/)7r"'") derived in reference [^. Other methods include using B{D^ — > Xi'^u) obtained by 
combining measurements of B{D^ (pl^v) /B{D^ 07r+), B{D^ rjl^u) /B{D^ 07r+), 
B{D+ r]'i+u) /B{D+ (/)7r+) and comparing to B{D, Xiu) obtained from B{D^ 
Xiu) and the ratio of t/jo/td^. This method also gives values in the same range. We believe, 
however, that the PDG group has underestimated the error on this value. 



TABLE III. Ds branching fraction [%] used in previous pubHcations and this review. 



Mode 


CLEO 1.5 


25] 


ARGUS (DDs) [||] 


CLEO II [H 


This review 




2.7 ±0.7 




3.0 ± 1.1 


3.5 ±0.4 


3.7 ±0.9 



Since the publication of the original ARGUS and CLEO 1.5 papers on hadronic decays, 
the branching fractions for the D* D7r{'y) modes have been significantly improved by 
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more precise measurements from CLEO II |5^. For modes which contain D* mesons we 
have recalculated the branching ratios using the CLEO II measurements. 



TABLE IV. D* branching fractions [%] used in previous publications and this review. 



Mode 



ARGUS, CLEO 1.5 |2|, 



CLEO II 11] 



This review 



D*+ D^TT-^ 



55.0 ±6 
45.0 ± 6 
57.0 ± 6 



63.6 ±4.0 
36.4 ±4.0 
68.1 ± 1.6 



63.6 ±4.0 
36.4 ±4.0 
68.1 ± 1.6 



TABLE V. Charmonium branching fractions [%] used in previous publications and this review. 



Mode 



ARGUS, CLEO 1.5 



CLEO II [134 



This review 



tp' — > e^e~ and ^'^ ^~ 

Xci V'7 
Xc2 V'7 



6.9 ±0.9 
6.9 ±0.9 
1.7 ±0.3 
32.4 ±2.6 
27.3 ± 1.6 



5.91 ±0.25 
5.91 ±0.25 
1.7 ±0.3 

32.4 ±2.6 
27.3 ± 1.6 

13.5 ± 1.1 



5.91 ±0.25 
5.91 ±0.25 
1.7 ±0.3 

32.4 ±2.6 
27.3 ± 1.6 

13.5 ± 1.1 



We also give the old and new values assumed for the branching fractions of the decays 
— > e^e~ and ip We have chosen to use the precise measurement of these decays 

performed by the MARK III collaboration |5^. The modes if) — > and if) — > ipn^ir' 



are used to form B meson candidates in modes involving ip' mesons. Decays of B meson 
into final states containing Xc mesons are reconstructed using the channel Xci, (c2) 
Product branching ratios for all modes containing ip mesons have been rescaled to account 
for the improved ip branching fractions. 

In the cases where only one decay mode was used to reconstruct the B meson the 
published branching ratio is simply rescaled. The procedure for re-calculating the branching 
ratios becomes more involved when more than one D decay channel is used. CLEO 1.5 and 
ARGUS used the following procedure to obtain their results 

Q^J^^ ^observed 



exNBx{B{D*))xj:Bi{DO) 
where Nb is the number of B mesons. The efficiency e is defined as 

The index i refers to the D meson decay channel. Therefore the rescaled branching ratio is 
given by 

Q ^observed 



NBx{B{D*))xY.B,{D^)ei 
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The CLEO collaboration published enough information, including the yields and the 
efficiencies for the individual D° decay channels, so that rescaling their B branching ratios 
is straightforward. 

The CLEO II branching ratios for B ^ D^*^ decays are calculated as weighted average 
of the results determined in each D sub-mode. Since yield and efficiencies were provided in 
the original publication, the results could easily be rescaled to accommodate the improved 
D° and branching ratios. 

Although the reconstruction efficiencies depend slightly on the B meson decay channel 
under study, the only information available from the ARGUS collaboration are average 
reconstruction efficiencies < e >«. Therefore we had to make the assumption that the correct 
way to renormalize the ARGUS results is to multiply their branching ratios by the scale factor 
F where 

new 

The validity of this assumption has been checked using CLEO L5 data. A similar procedure 
had to be employed for the CLEO II results on B ^ DDg. 

Statistical errors are recalculated in the same way as the branching ratios. For the results 
from individual experiments on B decays to final states with D mesons two systematic errors 
are quoted. The second systematic error contains the contribution due to the uncertainties 
in the —* K~tt~^, K~TT'^7r^ or Ds (pn branching fractions. This will allow easier 

rescaling when these branching ratios are measured more precisely. The first systematic error 
includes the experimental uncertainties and when relevant the uncertainties in the ratios of 
charm branching ratios, e.g. r{D^ K^Tr^TT^n^) /r{D^ K^n^) and the error in the D* 
branching fractions. For modes involving Dg mesons, the first systematic error also includes 
the uncertainties due to the the and branching ratios. For all other modes only one 
systematic error is given. For the world averages, the statistical and the first systematic 
error are combined in quadrature while the errors due to the and Dg branching ratio 

scales are still listed separately. With the improvement in the precision of the and D* 
branching fractions these are no longer the dominant source of systematic error in the study 
of hadronic B meson decay. The error on the branching ratio scale remains large. 

III. B MESON MASSES AND LIFETIMES 

Particles are characterized by their mass, lifetimes and internal quantum numbers. Only 
four 6-fiavored mesons have been established to date. The bound states with a b quark and 
a. u or d anti-quark are referred to as the Bd (B^) and the Bu (B^) mesons, respectively. 
The first radial excitation is called the B* meson. The Bg meson, a bound state containing 
a b quark and s anti-quark, has been discovered in the past two years. The spectrum of 
known and predicted B states is shown in Fig. ^. These predictions are taken from a recent 
potential model calculation by Eichten, Hill and Quigg (EHQ) ||5^. The spectrum refiects 
the remarkable feature of heavy quark spin symmetry. In the limit of large heavy quark 
masses, the spin of the heavy quark decouples from the dynamics and the pseudoscalar 
and vector states will be degenerate. In the B system, an indication that this symmetry is 
respected is the experimental ratio 
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FIG. 6. Measured and predicted masses of the low-lying B meson states. The predictions are 
taken from the EHQ model. 



a^^UU^ ^0.9%. (4) 

niB 

Since the ground state mesons containing heavy quarks decay weakly, their lifetimes are 
typical of the weak interaction scale, in the range of 0.1-2 ps. Ten years ago, before the MAC 
and MARK II collaborations presented the first measurement of the b lifetime, the 
only phenomenological guide to the strength of the coupling between the quark generations 
was the Cabibbo angle. If the coupling between the third and second generations had the 
same strength as the coupling between the second and first, the b lifetime would be about 
0.1 ps. The measurements of lifetimes from the PEP experiments that indicated a value 
longer than 1 ps were not anticipated. Since to first order the b lifetime can be expressed in 
analogy to muon decay 

1 B,i Bsi 



T 



T si G 



2 



tot J- si '-^F 5lTA |2 7, 

192n^ ^^ xp/iase space 

it was concluded that the CKM matrix element \Vcb\ was very small. 

In the naive spectator model, all mesons and baryons containing b quarks have the same 
lifetime. Differences in the hadronic decay channels and interference between contributing 
amplitudes, i.e. if the same final state can be reached through an external and internal 
spectator decay such as D^n^, will modify this simple picture and give rise to a 

hierarchy of lifetimes. For the b system we expect 

r{B-) > r(5°) ^ r(5.) > r(A°) (5) 
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A similar lifetime hierarchy has been observed in charm decay. However, since the lifetime 
differences are expected to scale as 1/mQ, where tuq is the mass of the heavy quark, the 
variation in the b system should be less than 10%. Measurements of lifetimes for the var- 
ious b-fiavored hadrons thus provide a way to determine the importance of non-spectator 
mechanisms. 



A. and S Masses. 

We now discuss measurements of the 5° and B~ masses and the mass difference between 
them. For these analyses only fully reconstructed B decays in modes with good signal to 
background are used. As an example, CLEO II ||3^ uses the modes B~ — > "ipK' , B^ ipK*^, 
B- D°7r-, B' D^p-, B- D*°7i-, B' D*°p-, 5° ^ D+tt", 5° ^ D+p~, 
BO D*+TT-, and B^ D*+p-. With tight cuts, 362 B' and 340 B° candidates have 



FIG. 7. Beam constrained mass distributions from CLEO II for (a) B events and (b) B^ events. 



been reconstructed. The beam constrained mass distributions for the sum of these modes 
are shown in Fig. 0. 

The absolute values of the B~ and B'^ masses are limited in accuracy by the knowledge 
of the beam energy. A correction of (-1.1±0.5) MeV is made for initial state radiation as 
described in Ref. ||5^. The systematic error from the uncertainty in the absolute value of 
the CESR/DORIS energy scale is determined by calibrating to the known T(IS') mass. The 
mass difference is determined more accurately than the masses themselves, because the beam 
energy uncertainty cancels, as do many systematic errors associated with the measurement 
errors on the charged tracks and neutral pions. There are several models which predict the 
isospin mass difference pD[, which give values between 1.2 and 2.3 MeV which are larger than 
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TABLE VI. Measurements of the and B' Masses [MeV]. 



Experiment 




Mb- 


M^-o - Mb- 


ARGUS 


5279.6 ±0.7 ±2.0 


5280.5 ±1.0 ±2.0 


-0.9 ± 1.2 ±0.5 


CLEO 87 


5278.0 ±0.4 ±2.0 


5278.3 ±0.4 ±2.0 


-0.4 ±0.6 ±0.5 


CLEO 93 


5279.2 ±0.2 ±2.0 


5278.8 ±0.2 ±2.0 


0.41 ±0.25 ±0.19 


Average 


5278.9 ± 0.2 ± 2.0 


5278.7 ±0.2 ±2.0 


0.2 ±0.3 



the experimental results given in Table [V^. However, Goity and Hon as well as Lebed |^ 
have found models that can lead to small values of the mass difference. That the — 
mass difference is much smaller than the corresponding mass differences in the K and D 
mesons is surprising. 

We conclude this section on the B meson masses with a result that will be discussed in 
greater detail in Section 0. In the neutral B meson system, the eigenstates of the strong and 
electromagnetic interaction (production) do not coincide with the weak eigenstates (decay). 
According to the CPT theorem, the flavor eigenstates 5° = {dh) and B^ = (db) must 
have equal mass and lifetime but this is not required for the weak eigenstates Bi and B2. 
The situation is similar to the neutral kaon system. The Bi — B2 mass difference is too small 
to be measured directly but it can be determined from the rate of B^B^ oscillations (see 
Section Q) 

|Am(B^_B,)| = ^ = (3.07 ± 0.17) X lO^^eV 

TbO 

Xd is the B^B^ mixing parameter. This is about 100 times larger than the corresponding 
mass difference in the K^K^ system. 



B. Measurement of the B* Mass 



The vector partner of the pseudoscalar B meson is called B* . It has been observed by 
the CUSB and CLEO collaborations through the electromagnetic transition B* '-/B ||62|| , 
Il63| which gives a quasi-monochromatic photon. CLEO has determined the B* — B mass 
difference to be (46.4 ± 0.3 ± 0.8) MeV which combined with the average B mass gives 

rriB' = 5325.2 ± 0.5 ± 2.8 MeV 

B* production has also been been observed by the LEP experiment p4|, |6^, |[70|. 



C. Observation of B** Production 



Evidence for production of orbitally excited B meson states has recently been reported 



by the OPAL and DELPHI collaborations pO], |31|. As noted by Gronau, Nippe and Rosner 



||79| , B** mesons, if produced in sufficient quantity, allow self-tagging flavor identification 
at production time. They could provide a powerful tool to study flavor oscillations and CP 
violation in the neutral B system. B** mesons containing a u or d quark are expected to 
decay to Btt or B*7r while the dominant decay for B** states is B** — ^ B^*^K. 
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FIG. 8. DELPHI results on B** production, (a) Distribution of the Q-value for B^*\ pairs 
(data points) along with the Monte Carlo expectation without B** production (shaded area). Q is 
defined as Q = m^(,)^ — m^(*) — m^. (b) Background subtracted B^*^it pair Q-value distribution 
with a Gaussian fit overlaid. 



Inclusive correlations between charged pions and b quark jets as well the displacement 
of the decay products of the b quark jet from the interaction point are used by the LEP 
experiments. This method does not distinguish between B and B* mesons. Evidence for 
production of orbitally excited B** mesons is found using inclusive correlations between the 
fragmentation kaon and the products of the b quark jet. The results of the DELPHI analysis 
are shown in Figure & They observe 2157±120±323 candidates and extract a fragmentation 



ratio for b quark jets to a B**^ meson of |^ 



aB:y.,_,., = 0.27 ±0.02 ±0.06 

The width of the measured signal is consistent with the predictions for orbital excitations. 
Assuming a B*7i to Bn ratio of 2:1, the S**^ mass averaged over the four expected states is 
determined to 

mn** = 5732±5±20MeV 
OPAL has studied Bit and BK correlations and found the probability that the pion charge 



correctly tags the b quark flavor to be 0.706 ± 0.013 pO . 



D. Measurement of the B^ Mass 



Evidence for exclusive Bg decays has been reported by the CDF |6^, OPAL ALEPH 
, and DELPHI collaborations W^. CDF observes a signal of 32.9 ± 6.8 events in the 
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FIG. 9. The tpK'^K mass distribution from the CDF experiment for events with K~^K mass 
within 10 MeV/c^ of the nominal (j) mass. 



Bs ipip mode (see Fig. |^) and determines the Bg mass to be 5367.7 ±2.4 ±4.8 MeV. OPAL 
finds one Bg candidate in the ipcf) mode which is used to extract a mass of 5359 ± 19 ± 7 
MeV for the Bg meson. ALEPH finds one unambiguous Bg event in the Bg —>■ ip'cf) mode and 
obtains a mass of 5368.6 ±5.6 ±1.5 MeV. Finally, DELPHI has three candidates of which one 
is in the Bg — >■ ipcj) mode and obtains a mass of 5374 ± 16 ± 2 MeV @. By reconstructing 



exclusive B~ and B^ decays (see Fig. |^), the high energy experiments calibrate their Bg 
measurements relative to the known B^ and B*^ masses. The four Bg mass measurements 
are consistent with each other. The average value 

= 5368.1 ± 3.8 MeV 

is consistent with quark model predictions |]55|,[7T . 



E. 6-Baryon Masses 

Evidence for the production of A;, and baryons has been found in A — and S — 
correlations, respectively ||75|. OPAL has reported preliminary evidence for A° A+vr" W6 



However, the value originally quoted for the A;, mass, mAO = 5620±30 MeV, is not confirmed 

b 

by later data from OPAL which show no evidence for this decay mode. The current upper 
limit at 90% C.L. for the product branching ratio is 



B{h ^ Afe) X i3(Afe ^ A+TT-) < 1.9 X 10"=^ 

Earlier claims by the UAl and ISR experiments for the decay Af, Atp in pp collisions have 
been ruled out by the CDF and LEP experiments |j78| who find 



Bib Ab) X B{Ab ^ A^) < 1.8 x 10-^ CDF + LEP 

= (1.8 ± 1.0) X 10-^ UAl 
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F. Techniques of b Lifetime Measurements 



The pioneering measurements by the experiments at PEP estabhshed a hfetime greater 
than 1 ps for a mixture of b flavored hadrons. This is far too short to be directly measured in 
threshold experiments. At higher b momenta when combined with relativistic time dilation, 
however, the hadron containing the b quark travels a measurable distance before decaying. 
The lifetime of a particle is related to its decay length by 

At LEP energies, for example, the average b momentum is about 30 GeV which yields an 
average decay length of 2.5 mm for < r^, > = 1.5 ps. Similarly, at CDF the mean vertex 
displacement in the transverse direction is about 0.9 mm. 

A variety of methods has been developed to measure the decay length and to determine 
the b lifetime. They all follow the same principal steps. A purified sample is selected and 
the decay length is either measured directly or determined indirectly by using the impact 
parameter. The resulting decay length is then corrected for the Lorentz boost. An additional 
correction for background contamination is applied as well. 



1. Selection of an enriched b sample 

Ideally, one would like to have a sample of fully reconstructed decays to determine the 
lifetime of a specific b hadron. The b vertex could then be reconstructed allowing a measure- 
ment of the decay length. The momentum of the b hadron gives the 7/3 factor in equation 
(|) without any further assumptions. The resulting proper time distribution would be an 
exponential convoluted with a Gaussian resolution function representing the experimental 
measurement errors. Although currently limited by statistics this procedure will ultimately 
yield the most precise measurements of individual b hadron lifetimes. 

The best statistical precision in the determination of lifetimes of hadrons containing b 
quarks is currently obtained from measurements using partial reconstruction of semileptonic 
decays. These decays represent about 21% of the total b decay rate and have the experimental 
advantage that both electrons and muons can be efficiently identified with low background. 
The purity of the sample can be enhanced by kinematical cuts which take advantage of 
the large mass of the b quark e.g. selecting leptons with large transverse momentum with 
respect to the b direction. Event samples with purities above 90% have been obtained at 
LEP. However, in such semileptonic decays the neutrino is not detected so the b hadron is not 
completely reconstructed. One then has to rely on Monte Carlo simulations to estimate the b 
momentum and to extract the proper time distribution from the decay length measurements. 

At the TEVATRON the inclusive b samples with the best signal to background ratios are 
obtained by selecting events with two energetic leptons from ip decay and a detached vertex. 

For inclusive lifetime measurements, the presence of a high pj_ lepton or a ip meson is 
usually sufficient to demonstrate the presence of a b quark, while for exclusive measurements 
of individual b hadron lifetimes an additional particle in the decay has to be reconstructed 
in order to establish a signature characteristic for the decaying b hadron (Fig |lO|(b)). The 
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FIG. 10. Lifetime measurements using the impact parameter method (a) and reconstruction of 
the b decay vertex (b). 



Af, lifetime, for example, is measured using a sample of events containing A^i or At 
combinations. 



2. Impact parameter method 

In early experiments the vertexing precision was not sufficient to measure the decay 
length, / = 7/5cr, directly. The impact parameter method shown schematically in Fig. 
p!0|(a) was developed as alternative. Due to the finite lifetime of the b hadron, a lepton from 
the semileptonic decay of the heavy quark will miss the primary vertex where the b hadron 
was produced. The miss distance or impact parameter, 6, is given by 

6 = 'jPcTb sin a sin 9. (7) 

where a is the angle between the lepton and b directions and 6 is the polar angle. The b 
direction is usually approximated by the axis of the hadronic jet. A negative sign is assigned 
to the impact parameter if the lepton track crosses the jet axis behind the the beam spot 
indicating a mismeasured lepton or a background event. The main advantage of the impact 
parameter method is that it is rather insensitive to the unknown boost of the parent; as 7/3 
increases with the b momentum, sin a decreases approximately as l/'~f(3 for (3^1 P3|| . 

Improvements in lifetime measurements have come about from larger data samples, 
smaller beam spots, the use of neutral energy in the jet finding algorithms as well as three 
dimensional vertex reconstruction. In the best LEP measurements the average impact pa- 
rameter uncertainty has been reduced to about 80 fim |^9|]. The disadvantage of this method 
is, that a single track is a relative poor estimator for the b decay length and not all the avail- 
able information in the event is used. Today, impact parameter measurements are used only 
for inclusive lifetime measurements and for cases in which the b decay length cannot be easily 
reconstructed 
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3. Decay length measurements 



New interaction region designs with smaller radius beampipes and beam spotsQ combined 
with high resolution silicon vertex detector allow for decay length measurements with a 
precision better than 300 yum. This is a factor of 10 smaller than the average h flight 
distance at LEP. As indicated in Fig |10|(b) the h vertex is reconstructed using the lepton 
track and the direction of the reconstructed charm meson. The momentum of the h hadron 
is estimated using the observed decay products, missing momentum and a correction factor 
determined from a Monte Carlo simulation. The proper time distribution is then given by an 
exponential convoluted with a Gaussian resolution function and the momentum correction 



factor. A maximum likelihood fit is used to extract the lifetime [32 



^. Averaging lifetime measurements 

In order to obtain the most precise value for inclusive and exclusive h lifetimes the re- 
sults of lifetime measurements from different experiments have been combined. Using the 
conventional approach of weighting the measurements according to their error does not take 
into account the underlying exponential (lifetime) distribution. If a measurement fluctuates 
low then its weight in the average will increase, leading to a bias towards low values. This is 
particularly relevant for low statistics measurements such as the Bs lifetime. According to 
a study by Forty |7^, this bias can be avoided if the weight is calculated using the relative 
error o"j/rj. Q We find a 1-3% difference in the average lifetimes computed, with the second 
method giving the larger value. A slight bias of the latter method towards higher lifetime 
values could be avoided by taking into account asymmetric errors. This effect has been found 
empirically to be rather small and we omit this additional complication in the calculation of 
our lifetime averages. 



G. Inclusive b Lifetime 

Inclusive measurements of the h lifetime were important historically to establish the long 
h lifetime and provided the first evidence that the coupling between the second and third 
quark generation is quite small. They are still needed for some electroweak studies such as 
the determination of the forward-backward asymmetry in Z — >■ 66 where the different hadrons 
containing h quarks are not distinguished. For B physics, i.e. the study of B meson decays, 
the exclusive measurements of individual h hadron lifetimes are preferable. For example, to 
extract the value of the CKM matrix element \Vcb\ from measurements of semileptonic B 
decays the average of the B^ and B^ lifetimes should be used rather than the inclusive h 



^Typical beam spot sizes. LEP: Ux ~ 150 , cjy ~ 10 /um, CDF: Ux ~ 40 , ~ 40 ^m, 
SLD: ~ 2 /im , ay k, 1 [H] 



2 



This procedure assumes good vertex resolution, i.e. a < r/10. 
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lifetime which contains additional contributions from Bg mesons and b baryons. Inclusive b 
lifetime measurements are performed using one of the following three methods: 



• Impact parameter method b c£iy e.g. 

<n> = 1.487 ± 0.023 ± 0.0384 ps (ALEPH || 

• Decay length reconstruction in b ipX e.g. 

<n>= 1.46 ± 0.06 ± 0.06 ps (CDF 

• Vertex topology in hadronic b decays e.g. 

<n>= 1.599 ± 0.014 ± 0.035 ps (DELPHI [||]) 

The third method uses displaced multi-prong vertices to reconstruct the decay point of the 
h hadron. Extensive Monte Carlo simulations are used to estimate the b momentum and to 
determine the proper time spectrum. 

The current world average for the inclusive b lifetime which includes many measurements 



including those given above is |]75 



<n>= 1.524 ±0.027 ps. 

The world average for this quantity in 1992 was (1.29 ± 0.05) ps. The substantial change 
in the value has been attributed to several improvements: the use of neutral energy when 
calculating the b jet direction, and better knowledge of the resolution function as a result of 



the use of silicon vertex detectors |H9|, [[75 1 



FIG. 11. D*"^-lepton correlations from B decays observed by the CDF collaboration. A clear 
signal is present in right sign combinations while no signal is present when same sign charged 
leptons are combined with D*^ candidates. 
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H. Exclusive Lifetime Measurements 



Precise measurements of exclusive lifetimes for b-flavored hadrons have been carried out 

p3|, pi]. The most recent 



by CDF and by some of the LEP experiments |88|, p^ 



results and the techniques used are given in Table VII 



TABLE VIL Measurements of exclusive lifetimes for b flavored hadrons. 



Particle Technique CDF 


ALEPH 


OPAL 


DELPHI 


JD 




1.62 ±0.16 ±0.15 


1.7lt^:}^ ±0.06 


1.62 ± 0.10 ± 0.10 1.17t^:^!^ ± 0.15 ± 0.05 




excl 


1.57 ± 0.18 ± 0.08 l.irtoit ± 0.06 








topol. 








1.68±0.15l[!;J^ 


B- 


D - I 


1.63 ±0.20 ±0.16 


1.71 ±0.15 ±0.08 


1.53 ±0.14 ±0.11 


1.30l^:^^ ±0.15 ±0.05 


B- 


excl 


1.61 ±0.16 ±0.05 


1.30t[];^^ ±0.06 






B- 


topol. 








1.72 ±0.08 ±0.06 


B's 


Ds-l 


1.421^:^^ ±0.11 


i.9oj:^:^[! ±0.05 


1.33t^;^'^ ± 0.06 


1.34l^:^^ ±0.14 


B's 


Ds-h 




1 7C-+0.30+0.18 
-■-■'"^-0.28-0.23 




1.56 ±0.35 ±0.23 






l.rAtl fg ± 0.07 








Afe 


A-l 




1.05l^:{^ ± 0.09 


1.261:^:1^ ± 0.07 


-1 1O+0.30+0.05 
^•^"-•-0.23-0.08 


Aft 
Afe 


Ac -I 
p-l 




1.06lg;^?±0.07 




1 oQ+0.71+0.08 
i.oO_o.42_o.09 

1 90+0.35+0.11 
l.zo_Q 2g_o.l2 


■=■0 










i.5l^:I ± 0.3 



1. B and B^ lifetimes 

The best statistical precision in the determination of exclusive lifetimes is obtained from 
measurements using lepton-particle correlations. For example, a sample of candidates 
can be obtained from events with lepton-D*"'' correlations of the correct sign which originate 
from the decay 5° ^ D*+i-iy, D*+ -> D°n+ and ^ K-Tr+ (see Fig. ^ (b) for the 



method and Fig. [Tl| for the CDF results). The pion from the strong decay and the lepton 
form a detached vertex. This information combined with the direction of the reconstructed 
meson determines the location of the B decay vertex from which the decay length can 
be measured. For a LEP experiment the D^*H sample typically contains 0(100) events. 
To obtain the lifetime from the decay length, requires knowledge of the 7/? factor which 
is estimated from the momenta of the observed decay products. Since the neutrino is not 
observed, a correction is made in the boost factor. The uncertainty in the size of this 
correction is included in the systematic error and is typically of order 3%. Another systematic 
problem is the contamination from decays B~ D** l~i>, followed by D** — > D*~^7r~ 
where the vr" from the strong decay of the D** (p-wave) meson is not detected. These 
backgrounds will lead to a B~ meson contamination in the B^ lifetime sample (and vice- 
versa). Since the branching fractions for such decays are poorly measured, this is another 
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important systematic limitation and gives a contribution of order 5% to the systematic 
error. Significant contributions to the systematic error also result from the uncertainty in 
the level of background and its lifetime spectrum. A detailed discussion of exclusive lifetime 



measurements can be found in a recent review by Sharma and Weber |^ . 

The systematic problems associated with the boost correction and the contamination 
from poorly measured backgrounds can be avoided by using fully reconstructed decays such 
as D~^TT~ or B~ — ^ ipK~ . However, since exclusive B branching ratios are small, this 

method has much poorer statistical precision. In hadron collider experiments, this approach 
has been successfully used to determine the B^, B~ , and B^ lifetimes from exclusive modes 
with V mesons e.g. 5° ^/jK*^, B~ ^K' ^ and 5, ^ ^0 . 



A topological vertexing method has been used by the DELPHI experiment. Candidate 
B^ and B^ mesons are distinguished on the basis of the net charge of the tracks at the decay 
vertex. This method has small statistical errors however care must be taken to assure that 
systematic uncertainties from mistracking and incorrect assignments of decay vertices are 
controlled. The neutral B lifetime that is extracted is an average over the lifetimes over all 
neutral b flavored hadrons including 5°, _B°, and A°. With good knowledge of the production 
fractions, the exclusive B^ lifetime can be extracted. 

A topological vertexing technique has also been used by the Fermilab fixed target exper- 
iment E653 [^, which has observed 11 charged B candidates and 17 neutral B candidates 
in their emulsion data. They find tb+ = 3.25]to!9oiaio PS and r^o = 0.9llo;2olao4 P^- These 
results have been omitted from the determination of world average lifetimes. 



Using the procedure for averaging measurements described in Section pi F 4| , we combine 
the individual B~ and B^ lifetime measurements and obtain 

tb- = 1.646 ± 0.063 ps 

and 

Tbo = 1.621 ± 0.067 ps 

When averaging the results obtained by studying D — i correlations a common systematic 
error of 3% has been assumed. 



2. Bg lifetime measurements 



The Bs lifetime was measured by CDF ^| and the LEP experiments using partial recon- 
struction of the semileptonic decay 5° D^i^u. Candidate D~ mesons were reconstructed 



s 

'*0 ; 



in the 07r or K K final states. Fig. [l^(a) shows the K K^tx^ invariant mass spectrum 



obtained by ALEPH |^ for right-sign and wrong-sign Ds(. combinations. This spectrum 
contains 47 Ds candidates which were used for the lifetime measurement. The Bg decay 
length was measured and converted to the Bg proper time using a Bs momentum estimator 
based on the reconstructed lepton and the Dg momentum as well as an estimated neutrino 
energy obtained by using a missing mass technique. Dg backgrounds from Z)* decays were 
treated using a Monte Carlo simulation. The Bg lifetime was extracted from the proper time 
distribution using a maximum likelihood fit. The result of such a procedure is shown in Fig. 
0(b). 
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FIG. 12. Bs lifetime measurement by ALEPH. a) K^K^tt^ invariant mass distribution for 
right-sign D'^i^ combinations, b) K'K'^tt^ invariant mass distribution for wrong-sign D^i~^ com- 
binations, c) Proper time distribution of the right-sign Df£~ sample, d) Proper time distribution 
of the combinatorial background. 



A recent CDF result also uses Dg-lepton correlations as well as exclusive reconstruc- 
tion of 5, 



ipcp decays to extract the Bg lifetime [90 



The uncertainty in the Bg lifetime is still dominated by the statistical error. Assuming 
a common systematic error of 2% |^ for the uncertainty in the vertex resolution and the 
neutrino energy estimate we obtain 



tb, = 1.55 ± 0.13 ps 



3. b baryon lifetime measurements 

Studies of A+£^ and Ai~ correlations at LEP provided the first evidence for the produc- 
tion of the Afc baryon. Using the decay chain 

A;, ^ A+rz/ 
U AX 



OPAL |^6[ found the invariant pvr" mass distribution shown in Fig. |l^(a). Although the 
composition of the b baryon sample is not known, it is expected that the Af, baryon is the 
most copiously produced. The production of Eh and fib baryons is suppressed due to the 
additional strange quarks required for their formation. Both impact parameter and decay 
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FIG. 13. A5 lifetime measurement by OPAL, a) pvr" invariant mass distribution for right-sign 
and wrong-sign A£ combinations, b) Decay length distribution of the right-sign h.l~ sample. The 
inset shows the corresponding distribution for the wrong-sign A^"*" candidates. 



length measurements are used to determine ta^. Since the A+ hfetime is short, the A^ decay 
length can be estimated using the A£~ vertex. The resulting time distribution from the 
OPAL analysis is shown in Fig. [T3|(b). 

A better estimate of the Af, decay point is obtained from fully reconstructing the A^ 
baryon and finding the A+£~ vertex. However, the sample sizes become very small. Using 
this method, DELPHI finds ta, = 1.33lJ]:I^ ± 0.13 ps. Combining the results listed in Table 



VI I| we determine the world average A;, lifetime to be 

TA, = 1.17 ± 0.09 ps. 



DELPHI [^] has searched for H^f^ correlations and found 10 Sf, candidates. These are 
expected to come from 'E^^ — > S°£~z/X and S° — * H+£~z/X followed by 'E^ E~X'. A 
simple average of the proper time of the 10 candidates gives the lifetime estimate of 
1.5l[J:I±0.3 ps. 



4. Lifetime Ratios 



The ratio of the B~ and lifetimes has been measured by a number of experiments. 
These measurements are performed either by using correlations between D mesons and 
leptons or by using exclusive final states such as ipK^ and B^ ipK*^. The CLEO II 

experiment has measured B{B^ —>■ X l^u) and B{B^ —>■ X l~i>) using the yield of leptons 
found opposite fully and partially reconstructed B decays |[114|| . From isospin invariance, the 
ratio of the two branching fractions is the ratio of the lifetimes. Averaging the results listed 
in Table |V111| we obtain 

0.995 ± 0.068 



31 



TABLE VIII. Measurements of lifetime ratios for b flavored hadrons. 



Method CDF ALEPH OPAL DELPHI CLEO II 

D - I 1.01 ±0.19 ±0.17 1.001^:^3 ± 0.08 0.94 ± 0.12 ± 0.07 ± 0.11 

exd 1.02 ±0.16 ±0.05 l.lllg-^^ ± 0.03 

topoi. ■ i.02l°:l^l°:lg 

B tags 0.93 ±0.18 ±0.12 



Note that this value is not exactly equal to the ratio of the world averages for the B~ and 
lifetimes since the average value of r^- / Tgo is calculated directly from the ratios reported 
by the experiments. 



I. Lifetime Summary 



A summary of the measurements of all the b hadron lifetimes can be found in Fig. The 
pattern of measured lifetimes follows the theoretical expectations outlined in the introduction 
to this chapter. However, the A;, meson lifetime is unexpectedly short. Scaling from the 
observed A^ — lifetime difference, should not deviate from the average b lifetime by 
more than 10%. A more precise determination of this lifetime would be of great interest. 



FIG. 14. Summary of exclusive b lifetime measurements. 



Assuming a Z ^ B~ , 5°, B.,, Ab production ratio of 0.39 : 0.39 : 0.12 : 0.10 we 
can average the exclusive lifetime measurements and find < Te^d. > = 1-58 ± 0.08 ps; 
consistent with the inclusive b lifetime, = 1.524 ±0.027 ps. Further improvements in the 
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determination of b lifetimes can be expected as the data samples available at the TEVATRON 
increase and from reduced systematic errors in the D^*H correlation measurements at LEP. 

IV. SEMILEPTONIC B MESON DECAYS 

Semileptonic transitions are the simplest B decays: the heavy b quark decays to either a 
c or an M quark and the virtual W boson becomes a lepton pair. These decays are described 
by the external spectator diagram shown in Fig. |l|(a), (c). Measurements of semileptonic 
B decays are used to determine the weak couplings \Vcb\ and \Vub\- In addition, detailed 
measurements of these decays test models of the dynamics of heavy quark decay. The 
leptonic current can be calculated exactly while corrections due to the strong interaction are 
restricted to the 6 — > c and b u vertices, respectively. 

Experimentally, semileptonic decays have the advantage of large branching ratios and 
the characteristic signature of the energetic charged lepton. The neutrino, however, escapes 
undetected so a full reconstruction of the decaying B meson is impossible. Various techniques 
which take advantage of production at threshold or the hermiticity of the detector have been 
developed by the ARGUS, CLEO and LEP experiments to overcome this difficulty. 

Semileptonic decays are also useful for the study of other phenomena in B physics. The 
charge of the lepton in a semileptonic decay is directly correlated with the flavor of the B 
meson. A negative lepton comes only from the decay of a 5 quark while the decay of a 6 
anti-quark yields positive leptons. Tagging the b flavor has been essential to the discovery 
of B^B^ oscillations and will be equally important in searches for CP violation in the B 
system. 

We begin with inclusive measurements and then discuss the results on exclusive b ^ c 
transitions. The dynamics of semileptonic decays is considered in the following section in 
which results on polarization and form factor measurements are given. Both inclusive and 
exclusive measurements of semileptonic decays of B mesons have been used to determine 
\Vcb\- We summarize these results in Section [IV In the flnal section, inclusive and exclusive 
b u transitions and the extraction of the CKM element \Vub\ are discussed. 

A. Inclusive Semileptonic c Transitions 

There are three types of measurements of inclusive semileptonic B decays. These are 
measurements of the inclusive single lepton momentum spectrum, measurements of dilepton 
events using charge and angular correlations, and measurements of the separate B~ and B^ 
branching ratios by using events which contain a lepton and a reconstructed B meson. 

Measurements of the semileptonic B branching ratio, Esu have been performed on the 
T(4S') resonance and at higher energies by the PEP, PETRA and LEP experiments. In 
all cases, the branching fraction of semileptonic decays is determined from the inclusive 
lepton yield. The primary difficulty in these analyses is distinguishing between leptons from 
B decay and leptons from other sources. Once the fraction of direct or primary b civ 
leptons is obtained, the semileptonic branching ratio is extracted from the integral over the 
momentum distribution. 
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1. Measurements of Bgi on the T(4S') 



The momentum spectrum of electrons and muons from B decays as measured by the 
CLEO II collaboration |97| is shown in Fig. 15. It cuts off at the kinematical limit around 
2.4 GeV. Leptons from continuum e~^e~ annihilation and other background sources such as 
ip — > decays have been subtracted. Corrections for final state radiation have been 



applied to the electron spectrum following the prescription by Atwood and Marciano |103 



The electron spectrum is measured down to momenta of 0.5 GeV while the muon detection 
system is fully efficient at about 1.4 GeV. Using similar techniques, measurements of the 
inclusive semileptonic branching fraction have also been published by the ARGUS ||1U4| , 
CRYSTAL BALL [|10|], CUSB |0|], and CLEO 1.5 [lO^ experiments. 

The spectrum in Fig. [l^ contains two components: primary leptons from direct semilep- 
tonic decays {i.e. b ciu) and leptons from cascade decays, b — > cX, c — >• siu. The 
experimental challenge is to separate the two so that the inclusive semileptonic branching 
fraction can be determined from the direct component. Several methods have been devised 
to accomplish this. These include measurements of the inclusive single lepton momentum 
spectrum together with a model of semileptonic decays and measurements of dilepton events 
using charge and angular correlations. Separate B~ and branching ratios have been 
determined using events which contain a lepton and a reconstructed B meson. 

In the single lepton analyses, the primary difficulty is separating the contributions from di- 
rect semileptonic decay (i.e. b ^ cl v) and cascade semileptonic decays, b ^ c X, c ^ si v. 
If only leptons above 1.4 GeV are considered, then there is a negligible contribution from cas- 
cade decays, which have a soft spectrum, but a large extrapolation to lower momenta is then 
required to obtain the branching ratio. If the full lepton momentum range is used, then the 
spectrum after background subtraction must be fitted to the sum of the two components. 
The shape of the cascade component is obtained by convoluting the measured B DX 
momentum distribution with the experimental D I Y spectrum ||108|| . The shape of the 



primary spectrum is taken from a model of semileptonic B decay. Since the two compo- 
nents are not orthogonal, the separation of background from cascade decays introduces a 
significant model dependence in the determination of the semileptonic branching ratio. 

Two classes of models are used to parameterize the shape of the primary b civ con- 
tribution. Parton models, such as the ACCMM model ||109|| , assume a Gaussian smearing 
in momentum space for the parton in the meson, and leave the Fermi momentum of the b 
quark and the charm quark mass as free parameters to be determined by the data. The 
model of ISGW [ [11CI|| is an example of the second class. These models are called exclusive 
models since here the b — > civ transition is described as the sum of -B ^ Dlv^ B D*lv 
and B D**iv channels. The form factors and rate for each channel are calculated using 
a simple quark model ||11CI|| . 

A fit to the lepton spectrum for muons and electrons from the CLEO II experiment 
using the ACCMM model is shown in Fig |l^(a). The ACCMM model gives a good fit to 
the data while the ISGW model gives a fit with a somewhat poor x^/dof. The CLEO II 
experiment chooses to remedy this defect of the exclusive model (as did CLEO 1.5) by fixing 
the ratio of the vector to pseudoscalar contributions and allowing the normalization of the 
B — >■ D**iv component to fioat in the fit. The result is a fit with an improved x^/dof and 
with the fraction B D**£v/b civ determined to be 21.2 ±1.6 ±8.0%. This result will be 
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FIG. 15. CLEO II measurement of the inclusive lepton yield from B decays, a) Fit to the 
lepton momentum spectrum for muons and electrons using the ACCMM model, b) Fit to the 
lepton momentum spectrum for muons and electrons using the modified ISGW model with the D** 
fraction allowed to float. 



compared in section |IVB to other methods of measuring the B D**[v branching fraction. 



A new measurement technique using events with two leptons was introduced by the 
ARGUS experiment ||111|| which significantly reduces the model dependence associated with 



the subtraction of the cascade component. A high momentum lepton is selected {pi > 1.4 
GeV) which tags a primary decay. This primary lepton is then combined with an additional 
lepton candidate which has a momentum above 0.5 GeV. In the absence of mixing, if the 
second lepton has the a sign opposite to the tagging lepton it is a primary lepton, while if 
the second lepton has the same sign as the tag it is a secondary lepton. Since the threshold 
for muon detection is about 1.4 GeV, dielectrons are used in this technique. 

A small background from dileptons which originate from a single B can be removed by 
using the angular correlation between the leptons. By momentum conservation, dileptons 
from the same B at the T(45') will be approximately back to back while dileptons from 
different B's will be uncorrelated (Fig. ^ a). A more refined angular correlation as a function 
of momentum is used in the CLEO II analysis ||112|| . 

Including the effect of mixing gives the following relation between the unlike and like sign 

spectra and the primary and secondary branchmg tractions (— - — , — - — ), 

(Jj U (JjU 

dNU^ef) , , , „dB(b)„ , dB{c) , 
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>- = N,e,{p)[—^x + - X) 

dp dp dp 

Here ei(p) is the efficiency of lepton identification, e2{p) is the efficiency of the angular 
correlation cut, x accounts for B — B mixing. 

Note that if the second lepton has the opposite charge of the ffist one, it must be a primary 
lepton while if second lepton has the same charge it is a cascade lepton. By applying this 
method it is therefore possible to determine the yield of primary and cascade leptons for 
each momentum bin. The results of the CLEO II analysis ||112||, based on a data sample 



FIG. 16. Model independent analysis of the dielectron momentum spectrum from the CLEO II 
experiment: (a) Distribution of the angle between the two leptons in a Monte Carlo simulation, 
b) The electron momentum spectrum in data. The contributions from primary (filled circles) and 
secondary electrons (open circles) are shown separately. 



of 2.07 fb^^ taken on the T(45') and 0.99 fb~^ taken just below the resonance, are shown 
in Fig. |l6|(b). The measured electron momentum spectrum extends down to 600 MeV and 
there is only a small extrapolation to zero momentum. The unmeasured part of the spectrum 
amounts to only 5.8 ± 0.5% of the total semileptonic rate and hence the model dependence 
is small. A correction has to be applied for the small contamination of cascade leptons with 
momenta above 1.4 GeV (k. 2.8%). 

Once the leptons from B decays have been isolated using any of the methods discussed 
above, the semileptonic branching ratio is determined by integrating over the h —>■ civ 
momentum spectrum. The results for the single lepton measurements and for the dilepton 
analyses are given in Tables |^ and 

CLEO II finds 

Bsi = (10.36 ± 0.17 ± 0.40)% 

where the systematic error includes the uncertainties in the electron identification efficiency, 
tracking efficiency, and the B^B^ mixing rate. The small model dependence introduced 
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when extrapolating from 0.5 GeV to zero momentum is determined by comparing the results 
obtained using the ACCMM and ISGW models and is included in the quoted systematic 
error. 



TABLE IX. Inclusive semileptonic branching ratios in [%] determined from an analysis of the 
yield of single leptons {!£). 



Experiment 


ACCMM 


ISGW 


ISGW** 


ARGUS (1 £) 


10.2 ±0.5 ±0.2 


9.8 ±0.5 




CRYSTAL BALL (1 £) 


12.0 ±0.5 ±0.7 


11.9 ±0.4 ±0.7 




CUSB II (1 £) 


10.0 ±0.4 ±0.3 


10.0 ±0.4 ±0.3 




CLEO 1.5 (1 £) 


10.5 ±0.2 ±0.4 


9.9 ±0.1 ±0.4 


11.2 ±0.3 ±0.4 


CLEO II (1 £) 


10.65 ± 0.05 ± 0.33 


10.41 ±0.07 ±0.33 


10.87 ±0.10 ±0.33 



Average (1 £) 10.51 ± 0.21 10.21 ± 0.20 10.98 ± 0.28 



TABLE X. Inclusive semileptonic branching ratios in [%] determined using dilepton events (2£) 
which has less statistical power but much reduced model dependence. 



Experiment 


Bsi 


ARGUS (2 £) 


9.1 ±0.5 ±0.4 


CLEO II (2 £) 


10.36 ±0.17 ±0.40 


Average (2 £) 


9.96 ± 0.36 



The results obtained from the dilepton method are consistent with the results obtained 
using the single lepton technique and show that there is no large systematic problem asso- 
ciated with the subtraction of the cascade component. 

Unlike the single lepton measurement, the measurement using the dilepton technique 
does not require the assumption that the T(4S') resonance always decays to pairs of B 
mesons. The agreement between the CLEO II results for the dilepton analysis and the single 
lepton result can also be used to constrain possible won-BB decays of the T(45'). The 95% 



confidence level upper limit on the fraction of these uncoventional decays is 0.05 |p.l2|| . 
The dilepton method also gives a measurement of the cascade electron spectrum. This can 



be compared to the ACCMM and ISGW models and the earlier DELCO ||108|| measurement 
of the D semileptonic momentum spectrum. CLEO II finds B{h — > c — sev) = (7.7 ± 
0.3 ± 1.2)% using the ACCMM model and (8.3 ± 0.3 ± 1.2)% for the ISGW model. Within 
errors, these results are consistent with the expectations, and with the CLEO II single lepton 
measurement. 



2. The semileptonic branching fractions of the B and B mesons 

The semileptonic branching fractions reported so far are truly inclusive in the sense that 
no attempt is made to distinguish different B meson fiavors. Separate semileptonic branching 
fractions for charged and neutral B mesons, B{B^ — >■ X£~v) and B{B~ — »• X£~z/) have been 
determined by measuring the lepton yield in events with fully or partly reconstructed B 
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mesons. Measurements of X[~v) were reported by the CLEO 1.5 and ARGUS 

experiments ||107|| , ||113|| . Simultaneous measurement of the separate branching fractions 
has been accomphshed by CLEO II using its large sample of reconstructed B mesons ||114 



In the CLEO II analysis ||115 l, | 116 |, neutral B mesons are reconstructed using the modes 
D(*)+7r-, fiO ^ D^*^+p', B° D(*)+a^, 5° ^ and partially reconstructed 



B- 



D*+t 



V and 5° 



yielding a total of 8456 ± 152 B tags. The modes 
B^ D^*^^a^, and B" — ^ ipK^*^~ are used to reconstruct 
834 ± 42 charged B mesons. The yield of leptons above background for momenta above 



TABLE XL Measurements of the and Semileptonic Branching Fractions 



70 . 



Experiment 



B{B- xrv) 



CLEO 1.5 p7| 



ARGUS |TT3| 
CLEO II PI 



9.9 ±3.0 ±0.9 
9.3 ± 1.1 ± 1.15 
10.9 ± 0.7 ± 1.1 



10.1 ± 1.8 ± 1.4 



Average 



10.2 ± 1.0 



10.1 ± 1.8 ± 1.4 



1.4 GeV in the B^ and B~ samples is extrapolated to zero momentum using the ISGW** 
model |p.lCI|| . A correction is then applied for B — B mixing. This leads to the measurements 
of branching fractions given in Table These measurements confirm, albeit with lower 
statistical precision, the other experimental indications that B{B Xlv) < 12.5%, the 
theoretical lower bound. 



3. Measurements ofBgi on the Resonance 

The LEP experiments have determined the semileptonic h branching fraction using dilep- 
ton events. Single lepton events could be used if Standard Model Z couphngs were assumed. 
A 6-enriched sample is prepared by selecting events containing a lepton with large transverse 
momentum, p±. The semileptonic branching fraction Esi is then extracted by simultaneously 
fitting the lepton momentum and p± distributions. The shape of the B —>■ Xiu spectrum is 
taken from the T(4S') measurements which causes the LEP results to suffer similar model 
dependence. The LEP results are summarized in Table pCII| ||117|| , [|118|| , ||119|| , ||120|| . The 



second systematic error quoted in the individual measurements is from model dependence. 
The average value of Bgi = 11.3 ± 0.3 ± 0.4% is consistent with the results from CLEO and 
ARGUS. 

TABLE XII. branching fractions(%) for inclusive semileptonic b decay from LEP. 



Experiment 


Branching Fraction 


ALEPH 


11.40 ±0.33 ±0.37 ±0.20 


OPAL 


10.5 ±0.6 ±0.4 ±0.4 


DELPHI 


11.41 ±0.45 ±0.50 ±0.31 


L3 


11.73 ±0.48 ±0.28 ±0.31 


LEP Average 


11.3 ±0.3 ±0.4 
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Assuming the semileptonic decay width is the same for all b flavored hadrons, the semilep- 
tonic branching ratio should be slightly different at LEP since other 6-particles are produced: 

i tot ^ 

while 

Using the world averages for lifetimes determined earlier this gives 

= 7 r X i3,KT(4^)) 

= 9.77 ±0.37% 

Note that the contribution of other hadrons reduces the expected average semileptonic 
branching fraction at the Z^. This prediction is below the experimental average from LEP 
but the errors are still too large to draw any significant conclusions. 



4- Measurement of b ^ Xtv 

The branching fraction for B — > Xtv~ has been measured by several LEP experiments 
by using the r — > hadron v decay mode and the large missing energy which is character- 
istic of this decay mode ||136|] , ||137|| , ||138|] . After applying standard selection procedures 



for Z ^ bb decays events containing electrons or muons are rejected in order to remove 
conventional semileptonic B decays. Comparing the remaining data with a detailed Monte 
Carlo simulation, which does not include B —>■ Xtv decays, yields an excess from which the 
branching fraction is determined to be 

B{B^Xtv) = 2.75 ±0.30 ±0.37% , ALEPH 

B{B^Xtu) = 2.4 ±0.7 ±0.8% , L3 
These measurements are consistent with the Standard Model expectation of 2.3±0.25% ||140|| , 



139 |. The measurement of B ^ X t u imposes the constraint tan/5 < 0.4 x mi^/GeV at 
the 90% confidence level on (model II) charged Higgs which occur in various extensions of 
the Standard Model including the Minimal Supersymmetric Standard Model (MSSM) ||137|| . 
The B Xtv mode is difficult to isolate at threshold experiments because of the overlap 
with decay products from the second B and the low energy of the final state lepton/hadron 
from the r decay. 



B. Exclusive Semileptonic Transitions. 

The determination of Cabibbo-Kobayashi-Maskawa matrix elements is one of the central 
experimental problems in heavy quark physics. The inclusive semileptonic branching ratio 
discussed in the previous section can be used to determine the element \Vcb\ and the measure- 
ments are now quite precise with experimental uncertainty below the 5 % level. However, 
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the conversion of the resulting semileptonic width to \Vcb\ has a fairly large theoretical un- 
certainty. Estimates of this uncertainty range from 5% to 15%. By contrast, it is possible 
that measurements of exclusive semileptonic modes can be used to extract |Vc6| with smaller 
theoretical uncertainty. In the following sections we will summarize the results obtained for 
the decays B Diu, B D*iiy and B D**iiy. 

1. Measurements of B{B — > D*lu) 

The mode B D*iv is preferred experimentally to the mode B — > Div since the 
addition of the D* constraint allows the isolation of a large and clean experimental signal. 
ARGUS, CLEO 1.5, CLEO II, and ALEPH have reported signals in 5° ^ D*+l'u with 
D* D^n^ and D° K~tt^. CLEO II can also observe the decay chain B^ D*^i~u 
with D* D^TT^. In threshold experiments, the pion from the D* decay has a momentum 
below 225 MeV in the laboratory and is often referred to as the slow pion (denoted tTs). For 
the lower portion of the momentum range accessible to the slow pion, the large curvature of 
the track in the high magnetic field and the multiple orbits of its trajectory complicate track 
reconstruction. It is possible to reconstruct slow neutral pions, however, the combinatorial 
background is larger. For high energy experiments, the charged slow pion is boosted so that 
there is full acceptance for the entire momentum range. 

In the decay of the T(4S') resonance, B mesons are produced in pairs with momenta 
of about 330 MeV. The signals at ARGUS and CLEO are isolated using the kinematic 
constraints from production at threshold. The effective mass of the neutrino in the decay 
B D*lv is given by 

ml = {Eb - Ed^iY - \pb\^ - \Pd'i\^ + 2\pb\\pd'l\cosQ 

where {Eb,Pb) is the B meson 4-momentum, {Eo*i,Pd*i) is the sum of the D* and lepton 
4- momenta, and O is the angle between the 3- momenta pd*i and pb- The first three terms in 
the expression for ml are the missing mass squared, denoted MM"^. The factor multiplying 
COS0 will be denoted C. Since the direction of the B momentum cannot be measured, a 
common approximation is to set \pb\ =0 in the above expression and then substitute the 
precisely known beam energy, Ebeam for Eb- Then, the missing mass squared becomes 

and the signal will peak at MM"^ = with a width determined by the B momentum. A va- 
riety of methods have been used to measure the signal yield. The ARGUS experiment which 
first isolated a signal in B° — >■ D*~^l~i>, measured the excess in the background subtracted 
MM"^ distribution. Their fit allows for contributions from — D*~^£~iy and B — >■ D**i^i>, 
D** D*^{tx). The CLEO 1.5 experiment also used this method. 

The CLEO II experiment has chosen a different technique to determine the B D*iv 
branching fraction which uses slightly more of the available information. For lepton momenta 
above 1.4 GeV, correctly reconstructed B — > D*lv decays must lie in a triangular region in 
the plane of MM^ and C. A cut on the D*—D mass difference is imposed, and the invariant 
mass spectrum (shown in Figure |l^ is fitted to extract the number of B candidates. The 
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largest background is due to combinations of incorrectly reconstructed D*s and real leptons. 
This background is subtracted using the sidebands of the D* — D mass difference. There is 
also a small background from uncorrelated combinations of correctly reconstructed D*s and 
leptons, which can be estimated from data. A small correction for background from non- 
resonant processes (continuum) and misidentified leptons is also included. The resulting 



FIG. 17. CLEO II L>° mass distributions for (a) 5° D*+l-u candidates and (b) 
B- D*^l-u candidates. 



signal yield is due io B D*{X)ii> events. After removing all backgrounds, CLEO II finds 
376 ± 27 ± 16 5° ^ D*-^i-iy events and 302 ± 32 ± 13 5" ^ D*^i-iy events as shown in 
Figure |1^. This sample is also used to evaluate \Vcb\ using the HQET inspired method (see 
section |IV D 3|) . 

Larger event samples and significantly better statistical precision can be obtained using 
a partial reconstruction technique as demonstrated by the ARGUS analysis of B ^ D*^lv. 
In this case, only the low momentum pion from the D*^ decay and the lepton are detected. 
The momentum of the undetected D*^ meson can be deduced from the direction of the slow 
pion and kinematic constraints. The momentum of the D* meson is approximately ap^r + /5, 
where a and j3 are constants which can be determined from Monte Carlo (also see discussion 
in section [V A| ). The signal yield is determined using a modified form of MM^ with the 
estimated D* direction replacing the measured D* direction in the expression above. The 
systematic error from background subtraction, which is estimated using the wrong sign 
sample, must be evaluated with care. 

By comparing the branching ratios for B^ —>■ D*^l^v and B^ D*^l~v and using 
measurements of the ratio of lifetimes from collider experiments, CLEO II obtains the ratio 
of the production of B^B~ and B^B^ meson pairs at the T{AS) resonance, /+//o = 1-04 ± 
0.13{stat) ±0.12{sys) ±0.10 (lifetime ratio). This confirms to an accuracy of about 15% the 
initial assumption that the production of charged and neutral B meson pairs are equal. The 
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TABLE XIII. Measurements of branching fractions(%) for exclusive semileptonic B decay with 
a D or D* in the final state. The symbol f indicates the branching ratio for this mode was measured 
using a partial reconstruction technique. Due to the complexity of the analysis procedure, those 
measurements marked with a * cannot be renormalized to take into account the new values of the 
D and D* branching fractions. 

Mode CLEO 1.5 ARGUS CLEO II ALEPH 

^0 _^ D*+£-u 4.1 ±0.5 ±0.7 4.7 ±0.6 ±0.6 4.49 ± 0.32 ± 0.39 5.36 ± 0.50 ± 0.76 

B^^D*+i-u 4.5 ± 0.3 ± 0.4 t 

B-^D*^l-v 4.1±0.8l[jJ* 6.8 ±1.6 ±1.5 5.13 ± 0.54 ± 0.64 
B'^^D^i-f 1.8 ±0.6 ±0.3* 2.1 ±0.7 ±0.6 
BO^D^I-u 1.6 ±0.6 ±0.3* 1.4 ±0.6 ±0.5* 



small value of the — mass difference, 0.2 ± 0.3 MeV, discussed in Section pi A| also 
supports this conclusion. 

At LEP, the kinematic constraints from production at threshold are not available. How- 
ever, the B direction can be measured from the vector between the production point and 
the detached vertex from the B decay. The decay products of the two B hadrons are cleanly 
separated into jets. In addition, the neutrino energy can be crudely determined from a miss- 
ing energy measurement. These features have allowed ALEPH to measure the B'^ D*lu 
branching fraction | |129[ . 

The dominant systematic error in the threshold experiments is due to the uncertainty in 
the slow pion detection efficiencies while ALEPH and the LEP experiments are limited by the 
sizeable uncertainty in the number of B mesons produced in decay which is used for the 
normalization of the branching fraction (~ 8%). The uncertainty from the D** background 
is much smaller (~ 3%) ||129| . 

Since the publication of the CLEO 1.5 and ARGUS results, the D and D* branching 
ratios have changed significantly. Wherever possible, the published values for semileptonic 
branching fractions have been rescaled to accommodate the new charm branching fractions. 
For some results, which are marked with an asterix in Table pClli| , insufficient information to 
perform the rescaling was provided in the original papers. A separate systematic error for 
the contribution of charm branching fraction is quoted in the world averages. 



2. Measurements of B{B Diu) 

Measurements of the modes B^ D^i^u and B^ —>■ D^i'u are experimentally dif- 
ficult because of the significant combinatorial backgrounds in the — > K'n'^n'^ and 
K~T{^ signals and the large backgrounds from the decay chain B D*ii', 
D* D{7r, 7) as well as B ^ D**iiy, followed by D** D*{ti) or D* D{tx, 7) where the vr 
(or 7) from the D* decay is not reconstructed. The separation of the latter two backgrounds, 
which yield the same final state particles, is accomplished using their slightly different be- 
haviours as a function of lepton momentum and D momentum. In addition, the presence 
of an additional pion shifts the center of the missing mass distribution. In some analyses, 
additional constraints are provided by requiring that the D*^'^''^Hiy fraction be consistent 
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FIG. 18. Distributions from the ALEPH experiment for Am* = m£)*+^~ — m£)t+ for the 
right sign (a) and wrong sign (b) Z)*7r combinations. The right sign spectrum is fitted to the sum 
of a Breit-Wigner signal and a background shape. 



with the branching fraction from the dedicated exclusive measurement. 



3. Measurements of B{B D**lv) 

Semileptonic B decay to orbitally excited D states has been searched for at LEP and by 
the T(4S') experiments. For experiments at threshold the background from B D**C,v 
D*{'K)iv (where the (vr) from the D** decay is not detected) is small and manageable. The 
background from events with D*^v and additional pion(s) in the final state peaks at higher 
values of MM^ and has a characteristically soft lepton momentum spectrum. Thus, ARGUS 
and CLEO 1.5 found that this background could be separated statistically. ARGUS finds a 
sizeable signal for B —>■ D**lv, D** — > D*{tt) which includes significant resonant Di(2420)£z/ 
and other resonant modes as well as non-resonant channels. In the recent CLEO II analysis 
of i? — > D*ii', the background from final states with additional pions is determined by 
examining D*-lepton combinations with p(lepton) in the range 0.8 — 1.4 GeV in the portion 
of C-MM^ plane which is preferentially populated by S — D**Xlv decays. CLEO II 
find a modest excess in this region which corresponds to a model dependent upper limit of 
B{B D**Xiiy) < 2.8% at the 95 % confidence level. 

The use of solid state vertex detectors has allowed the experiments at LEP to isolate 
signals for B^ — > D*^Ti~Xlv where the additional charged pion is vertexed with the slow 
pion from the D* decay and the lepton. The ALEPH, OPAL, and DELPHI experiments 
have reported signals ||133|]; the OPAL results are shown in Figure 11^ The quantity plotted 
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FIG. 19. dWtt - L>(*) mass difference distributions from OPAL for a) D*^tt combinations, 
b) D^TT^ combinations, and c) D^it~ combinations. 



it the mass difference between the D^*^tx system and the charmed meson [D* or D) which 
has a better experimental resolution than could be obtained from the D^*^7r invariant mass 
distribution. Both ALEPH and OPAL have reported measurements of the product B{b — ^ 
B) X B{B D{2A20)Xi-iy) x i3(L>i(2420) ^ D*+tt-) and quote B{B D(2420)Xrz/) 
assuming B{b B) = 0.37 and i3(Di(2420) D*+Tr-) ~ 0.67. In addition, OPAL has 
reported a significant signal for B{B D^{2A70)X£'iy) using L)|(2470) D°7r+. These 
signals may include X, one or more undetected pions. ALEPH has also performed an 
inclusive topological measurement which is sensitive to B ^ D*^'K^(rv in which the Z)*+7r~ 
system is non-resonant. 

The results on semileptonic B D** transitions are given in Table PCIV| . The LEP 
measurements and the CLEO II upper limit are marginally consistent. The corresponding 
world averages can be found in Table pCV| . 

These measurements of the production of orbitally excited D mesons in semileptonic 
decay show that the Shifman-Voloshin (SV) limit, in which the B Diu and B — > D*ii' 
channels saturate the semileptonic width, is not achieved ||134|| . Quark models also predict 



small rates for the production of p-wave D mesons. For example, the ISGW2 model predicts 
that about 7% of the total semileptonic rate will occur in channels with excited charmed 
mesons and B{B — > Di(2420)£z/) ~ 0.25%, well below the observed rate |102||. Predictions 



from the model of Colangelo et al. also give rates in the 0.1% range for the largest channels 
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TABLE XIV. Measurements of branching fractions(%) for exclusive semileptonic B decay with 
p-wave charmed mesons in the final state. The signal may include X, one or more undetected 
pions. 



Mode 



ARGUS 



CLEO II 



B- D^{2A20)i-Xu 

B- Df {2460)1' Xu 

B^ D^{2m)l-Xv 

BO D^+{2470)i-Xu 



ALEPH 



OPAL 



0.84 ±0.24 ±0.14 0.81 ±0.20 ±0.19 
0.35 ±0.14 ±0.17 
0.78 ±0.28 ±0.18 
0.90 ±0.27 ±0.21 



B D**{2420)£-Xu 

B D**{2m)e-Xiy 

B D*+TT-£-Xu 

B D**i-u 



0.84 ±0.24 ±0.14 0.80 ±0.24 
0.44 ±0.14 

1.08 ±0.3 ±0.22 



2.9 ±0.5 ±0.5 < 2.8%(95% C.L.) 



TABLE XV. World average branching fractions(%) for exclusive semileptonic B decay. The 
modes marked with the symbol f are not included in the sum of exclusive modes as discussed in 



the text. 


Mode 


World Average 




4.56 ±0.27 ±0.25 


B- D*^l-u 


5.31 ±0.70 ±0.41 


B^ D+l-u 


2.1 ±0.9 ±0.14 


B- D^Tu 


1.5 ±0.5 t 


B D**i-iy 


2.9 ±0.5 ±0.5 t 


B D**{2m)l-Xv 


0.82 ±0.18 ±0.06 


B D**{2Am)l- Xv 


0.44 ±0.14 ±0.03 


Sum of exclusive semileptonic B 


8.05 ± 1.7 



Inclusive semileptonic B 10.98 ± 0.28 



4-. Summary of exclusive semileptonic b ^ c measurements 



Additional exclusive semileptonic channels have been searched for by the ARGUS IH 
and L3 collaborations 



138|. These include modes which require either ss popping at the 



lower part of the spectator graph p42| | or baryon production | |143| ]. No signal was observed 



TABLE XVI. Measurements of Other Inclusive Semileptonic Branching Ratios. 



Experiment 


Mode 


B(%) 


ARGUS 


B DsXl+v 


< 0.9(90% C.L.) 


ARGUS 


B pXl+v 


< 0.16(90% C.L.) 


L3 


B ^ Xv 


2.27 ± 0.8 ± 1.5 



and the upper limits are summarized in Table XVI . 

In Table pCV| we sum the exclusive semileptonic modes and find a value consistent with 
the inclusive semileptonic branching ratio. The mode B~ — > D^i'u is omitted since the mea- 
surements of this mode cannot be adjusted to account for the changes in D and D* branching 
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fractions. The measurement of the mode B D**£i' is also omitted from the calculation 
of the sum of the exclusive modes and instead the measurements of B D**(2420)£i/ and 
B — > D**(2460)£z/ are used. If the other possible approach is taken and B D**ii> is used 
but B D**{2A20)ii' and B D**{24:60)£i' are omitted, then the sum of the exclusive 
modes becomes 9.4 ± 1.2. The conclusion is the same using either approach. 

To determine B{B — > D**ih'), ARGUS and CLEO II have assumed that the model of 
ISGW correctly predicts the relative fractions of S ^ Dl{2A20)£iy, B D*(2460)£z/ and 
the other excited charm mesons. This procedure can be applied to the world average for 
B{B —>■ D**(2420)£z/) which is the most precisely known of these rates for the semileptonic 
decay to an excited charmed meson, this gives B{B D**lv) = 1.64 ± 0.22 ± ±0.11% 
which is consistent with the ISGW** fit to the inclusive semileptonic spectrum which gives 
B{B D**ii^) = 2.3 ±0.9. 

Model dependent extrapolations from the rate of observed D**ii', D** D*ti decays 
appear to saturate the remainder of the missing portion of the semileptonic rate. The other 
remaining decays may correspond to B ^ D**iiy where D** denotes a p-wave charmed meson 
with a large width (e.g. the very broad but as of now unobserved l^Pi(2490) and l^Po(2440) 
states). It is also possible that the other missing decays are B Diri'v where the Z^tt 
system is non-resonant or originates from the decay of a broad excited charm meson. These 
possibilities are difficult to check experimentally. 



C. The Dynamics of Semileptonic B Decay 

Since leptons are not sensitive to the strong interaction, the amplitude for a semileptonic 
B decay can be factorized into two parts, a leptonic and a hadronic current. The leptonic 
factor can be calculated exactly while the hadronic part is parameterized by form factors. A 
simple example is the transition B —>■ Dlv. The differential decay rate in this case is given 
by 

where is the mass of the virtual W {Iv) and f+{q^) is the single vector form factor. The 
form factor which describes semileptonic decay is analogous to the form factor which arises 
in electron-nucleon scattering. In this case, the form factor gives the probability 

that the final state quarks will form a D meson. 

The form factor is largest when the initial and final state heavy quarks have the smallest 
relative velocities, that is at maximum g^. As decreases and the momentum transfer 
increases, the modulus of the form factor decreases. 

Since the B^ D*~^i~i> mode has a large branching ratio and good signal to background 
ratio, it is experimentally preferred to i? ^ Diu for form factor studies. Moreover, the 
theoretical predictions for this mode are thought to be reliable. The corresponding expression 
for the differential rate in B —>■ D*lv is given in section [IV C 2| . In this case, there are three 



form factors which correspond to the three possible partial waves of the B D*W system 
(here W is the virtual W which becomes the lepton-antineutrino pair). 
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1. Polarization in B D*lv decays 

In the past, insufficient data was available to perform a measurement of the individual 
form factors in — »• D*lv decay. Various integrated quantities which give information on 
the form factors were determined. 

For example, the polarization am. B ^ D*iv can be determined by fitting the D* helicity 
angle distribution which should be distributed as 1 + a cos^ Od*- It is also possible to measure 
the forward-backward asymmetry of the lepton in the W rest frame which gives information 
on the ratio of the positive and negative helicity amplitudes. 



TABLE XVII. Measurements of integrated observables m. B ^ D*^v Decays. 



Experiment 


a 


Afb 


CLEO 1.5 


0.65 ±0.66 ±0.25 




ARGUS 


1.1 ±0.4 ±0.2 


0.20 ±0.08 ±0.06 


CLEO II 


1.48 ±0.32 ±0.14 


0.209 ±0.034 ±0.015 


World average 


1.24 ±0.25 


0.208 ± 0.035 



These results can be compared, for example, to the prediction of Scora of a = L32 in the 
ISGW model | |102|| and to the HQET based predictions of Neubert a = 1.37 and ApB = 0.22. 
The agreement of Aps in sign and magnitude with quark model predictions has been used 
to deduce limits on a hypothetical V + A coupling of the b quark ||159|j . 

Other tests of models are provided by the vector to pseudoscalar ratio which is, for 
example, predicted to be 2.6 in the ISGW model and 2.79 in the HQET based model of 
Neubert. Experimentally, this is found to be 2.17 ± 0.93 where the large error reflects the 
poor precision of the D^l~v branching fraction. 

The measurements of integrated observables are thus in good agreement with models. 
Form factor measurements are a more sophisticated approach and provide better discrim- 
ination between models. In addition, all the available information is used and hence the 
statistical precision is improved. 



2. Measurement of the B D*l!.u Form Factors 

The differential decay rate for B D*lv can be expressed in terms of three g^-dependent 
helicity amplitudes H±{q^) and Holq"^), where the subscripts refer to the helicity of either 
the virtual W (iu) or the D* [0, [|TMHTF7[| . The rate is given by 

dr 3Gl\V,t\'' Pd' 

dq^ d cos d cos 6y dx 8(47r)^m^ 

{[(l-cosM'l^+(?')r + (l + cose,,)2|if_(g2)|2] sin2 

+4smHeu cos^ ev\Ho{q^)\^ 
—2 sin 

—4 sin 6(^y{l — cosOiu) sin6'v cos6'v cos x H+{q'^)Ho(q^) 
+4 sin 6*^,^(1 ± cosOii,) sin 9v cosOy cosx H_{q^)HQ{q^)}, 

(8) 
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FIG. 20. The kinematic variables used in the CLEO 11 B ^ D*lv form factor analysis. 



where is the mass of B meson, Po* is the momentum of the D* and is a function of q 



2 



and the angles O^y, Oy, and x defined in Fig. The hehcity amphtudes H± and Hq 
can be expressed in terms of two axial- vector form factors, ^1(5'^) and ^42(0'^), and a vector 
form factor V^(g^) : 

[niB + rriD* ) 



1 



4ml P? 



^o(r) = ^ {mj, - - q'){mB + mD,)A^{q') - ^ ^ . A2{q 



(9) 



where rriD* is the mass of the D* meson. 

There are a number of important and simple qualitative features that are present in 
equation p. These are most easily seen after integrating over the variable so that the 
last three terms vanish. The helicity zero (longitudinal) component then has a cos^ 6d* 
and a sin^ dependence. The negative and positive helicity components have a sin^ 9d* 
dependence as well as a (1 + cosOiuY and (1 — cos6'^jy)^ behaviour, respectively. 

As a result of the V — A coupling of the virtual W ^ the difference between the positive 
and negative helicity amplitudes, iJ+ — is large and negative. This feature can be clearly 
observed in the scatter plot of x versus cos9d* @- 

Other intuitive and useful features (see previous section) can be deduced from consider- 
ation of integrated quantities. For instance, ApB is controlled primarily by the form factor 
ratio i?2 = Vil"^ = Qmax)/^iil'^ = Imax) the cosOii, distribution. The size of the second 
independent form factor ratio, -Ri = A2{q'^ = Qmax) / ^lil"^ — Imax) determined by the 
cosOo* distribution and to a fair extent by a, the degree of polarization. 

Using the measured values of q^/q^axi cosG/j*, cosG^jy and x, a 4-dimensional unbinned 
maximum likelihood fit was performed using a Monte Carlo integration technique in a man- 
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FIG. 21. The experimental distributions of kinematic variables in data compared to the fit in 
the CLEO 11 B ^ D*£u form factor analysis for: (a) cosOd* (b) cosOiy (c) (d) x 



ner similar to reference ||158|| . This technique allows a multi-dimensional likelihood fit to be 
performed to variables modified by experimental acceptance and resolution, and is necessary 
due to the substantial smearing of the kinematic variables from the motion of the B meson. 
The basis of the method is to determine the probability density function by using the popu- 
lation of appropriately weighted MC events in the four dimensional kinematic space. This is 
accomplished by generating one high statistics sample of MC events with a known value of 
the form factor ratios R2 and corresponding known values of the four kinematic variables 
^ limaxi COS 9/5., COS ByK, and X for each event. The generated events are then processed 
through the full detector simulation and analysis chain. Using the generated kinematic vari- 
ables, the accepted MC events are weighted by the ratio of the decay distribution for the 
trial values of R2 to that of the generated distribution. The accepted MC events are now, 
therefore, distributed according to the probability density corresponding to the trial values 
of i?2- By such weighting, a likelihood may be evaluated for each data event for different 
values of the form factor ratios, and a fit can be performed. The probability for each event 
is determined by sampling this distribution using a search volume around each data point. 
The volume size is chosen so that the systematic effect from finite search volumes is small 
and the required number of MC events is not prohibitively high [161], [162|. 



The results of such a measurement from CLEO II are given in Table XVIII. The mea- 
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surement of the form factor ratios from CLEO II was obtained using a larger dataset and 



an improved analysis technique and supersedes the result of Ref ||159 . 

In the limit of pure HQET, the form factor ratios are both unity. Including 0{A/mc) 
corrections gives 1.3 and 0.8 for Ri and R2 respectively. The experimental precision on 
the form factor ratios is not sufficient to distinguish between these two possibilities and the 
models, which are listed in Table pCIX| . However, the experimental results do indicate that 
deviations from the limit of heavy quark symmetry are not large. 

For the purposes of comparison between data and models, it should be noted that several 
of the quark models quoted in Table XIX use a different dependence for their form factors 



than is assumed by HQET and by the CLEO II measurement. This will be not a large effect 
given the small range in available in the reaction B D*lv. For instance, the value of 
^42/^1 in HQET varies from 1.35 to 1.27 over the full kinematic range. 



TABLE XVIIL Measurements of the form factor ratios \n B ^ 0*1^ decays at = q. 



2 

max • 



2 



Experiment Ri i?2 P 

CLEO II 1.30 ±0.36 ±0.16 0.64 ± 0.26 ± 0.12 1.01 ± 0.15 ± 0.09 



TABLE XIX. Predictions for the form factor ratios from theoretical models at q'^ 



2 

imax • 



Model 



R 



R2 



HQET (Neubert) 
Ball HI 

iSGW fnoi 

BSW |0l| 
KS |10|] 



1.35 
1.31 
1.01 
0.91 
1.09 



0.79 
0.95 
0.91 
0.85 
1.09 



D. Determination of \Vcb\ 

1. \Vcb\ from inclusive measurements 

The theoretical uncertainty in the determination of \Vcb\ is currently a matter of active 
discussion and no clear consensus has emerged. The values of \Vcb\ determined from the 
world average for the inclusive semileptonic branching fraction are given in Table pCX| for 
different theoretical models. The models predict the decay width in the form F = 7^ ■ \ Vcb 
The value of \Vcb\ is then obtained from experiment using 



2 



\V,b\^ = B{B^XIv)/{tb-1c) 
One way of reducing the theoretical uncertainty associated with the ml dependence of the 



semileptonic width was introduced by Altarelli et al. ||109|| . In their quark model, the spec- 
tator quark is assigned a Fermi momentum pp and has a Gaussian momentum distribution. 
Each value oipp gives a slightly different value of nib, however, the average value oipp and 
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rrih as well as the effective spectator quarlc mass rugp can be determined by fitting the shape 
of the lepton momentum spectrum. The relationship 



B 



+ m - 2mBJpF + m 



where is the B meson mass, allows the experimental data to be used to constrain rrif,. 

Shifman, Uraltsev, and Vainshtein propose that the dependence of the width in the SV 
(Shifman-Voloshin) [|134|| limit is proportional to rrih — rric rather than to ml. This will 
substantially reduce the uncertainty in the extraction of |Vcfe| from inclusive decays. Using 
mb = (4.8 ± 0.1) GeV from a QCD sum rule analysis of the T system, Shifman et al. find 
on this basis that the theoretical uncertainty in the determination of \Vch\ is less than 5% 
and nearly model independent. In contrast, Neubert asserts that the model dependence in 
\Vcb\ is of the order of 10% due to the unknown higher order corrections in the expansion 
for the semileptonic width in asimq)^ where mq is the mass of the heavy quark ||147|| , ||148 |. 
The experimental fact that h — > civ transitions are far from the SV limit may also affect 
the reliability of the claim by Shifman et al.. Luke and Savage have also investigated the 
model dependence of \Vcb\ in a HQET framework and conclude that the determination from 
the inclusive measurements gives values of \Vcb\ in the range 0.037 — 0.052 which corresponds 
to an uncertainty of order 14%. Using a similar approach with a constraint on m^ obtained 
from the experimental determination of B{D Xiu), Ball and Nierste find a significantly 
larger value 7c = 54.2 ± 5 which gives a somewhat lower value of \Vcb\ |P-53|| . 



TABLE XX. Determinations of Vcb using inclusive semileptonic decays. 



Theorist 


7c 


\Vcb\ 


ACCMM et al. |10c| 


40 ±8 


0.0401 ± O.OOl(exp) ± .004(theor) 


Shifman et al. [151 


41.3 ±4 


0.03965 ± O.OOl(exp) ± .002(theor) 


ISGW** |110| 


42 ±8 


0.0400 ± O.OOl(exp) ± .004(theor) 


Ball and Nierste 153 


54.2 ± 5 


0.0344 ± O.OOl(exp) ± .002(theor) 



•2- I Kb I from exclusive measurements 

Using measurements of the and lifetimes, and the assumption of isospin invariance, 
the — >■ D*~^i~i> and B~ — > D*^l~i' branching fraction measurements can be combined to 
obtain the width T{B D*ii>) = (30.2 ± 2.6 ± 1.0) ns ~^ which is independent of the ratio 
of production fractions /+//o- To allow the results to be rescaled easily, the contribution 
due to the uncertainty in the average B meson lifetime is separated in the error. This 
determination of the width can then be translated into a value for \Vcb\ by using models. 
The values obtained with the models of Isgur, Scora, Grinstein and Wise (ISGW) ||110 



Bauer, Stech and Wirbel (BSW) ||101[| , Korner and Schuler (KS) [ p.OU[| , and Neubert are 



listed in Table pCXI| . In principle, the detection efficiencies should be determined separately 
for each model. This is a small effect and the CLEO II analysis finds the systematic variation 
from this source to be less than 3%. 



In Table |XXII| , we also give the values of |Vc6| determined from exclusive models using 



the ARGUS measurement of B{B^ D+l-p) which gives r(S° ^ D+^z/) = 12.3 ± 
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TABLE XXI. Values of \Vcb\ using the world average for T{B ^ D*£u) and theoretical models. 
The first error is the sum in quadrature of the experimental statistical and systematic errors. The 
second error is from the B lifetime. 

Model \VJ, 

ISGW 0.0349 ± 0.0015 ± 0.0006 

ISGW' 0.0347 ± 0.0015 ± 0.0006 

BSW 0.0371 ± 0.0016 ± 0.0006 

KS 0.0342 ± 0.0015 ± 0.0006 

Neubert 0.0323 ± 0.0014 ± 0.0006 



5.7 ± 3.5 ns~^. The first error is the sum in quadrature of the statistical and experimental 
systematic errors. The second error is the uncertainty due to the average B meson lifetime. 
We note that the other measurements of — >■ Dlv branching fractions should not be used 
as they cannot be modified to account for the changes in the D and D* branching fractions. 
Improved measurements of the branching fractions for D^l~v and B^ D^i^u will 

be useful in testing models and determining \Vcb\- 



TABLE XXIL Values of \Vcb\ using the world average for T{B D^lu) and theoretical models. 
The first error is the sum in quadrature of the experimental statistical and systematic errors. The 
second error is from the B lifetime. 



Model 




ISGW' 


0.032 ± 0.008 ± 0.0005 


BSW 


0.038 ± 0.009 ± 0.0006 


KS 


0.039 ± 0.009 ± 0.0006 



The results in Tables PCXI| , PCXII] show that the model dependence in the determination 
of \Vcb\ from the total rate is below the 10% level. From the measurement of the branching 
fraction for B — > D*ii>, using the ISGW model to obtain the central value, gives 

\Vcb\ = 0.0347 ± 0.0016(exp) ± 0.0024(model) 

This method of obtaining \Vcb\ from the total rate has the distinct advantage that the 
models used make other detailed predictions for form factors and various other observables 
which can be experimentally verified (see section |I V C| ) . In addition, all of the data can be 
used unhke the HQET inspired method (discussed below) which is valid only for a certain 
kinematic regime (near zero recoil). 



3. Determination of \Vcb\ using HQET 



It has recently been appreciated that there is a symmetry of QCD that is useful in 
understanding systems containing one heavy quark. This symmetry arises when the quark 
becomes sufficiently heavy to make its mass irrelevant to the nonperturbative dynamics of 
the light quarks. This allows the heavy quark degrees of freedom to be treated in isolation 
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from the the hght quark degrees of freedom. This is analogous to the canonical treatment 
of hydrogenic atoms, in which the spin and other properties of the nucleus can be neglected. 
The behaviour and electronic structure of the atom are determined by the light electronic 
degrees of freedom. Heavy quark effective theory (HQET) was developed by Isgur and Wise 
110| who define a single universal form factor, C,{v ■ v ), known as the Isgur- Wise function. 



In this function v and v' are the four velocities of the initial and final state heavy quarks. 
In the heavy quark limit all the form factors for hadronic matrix elements such as B D* 
and B ^ D can be related to this single function. The value of this function can then be 
determined from a measurement of the B —>■ D*lv rate as a function of |110|. The theory 



also provides a framework for systematic calculations of corrections to the heavy quark limit. 

In HQET, the decay rate for B D*lv as a function of y (which is 7|) = Ej:,* /mo* in 
the B rest frame) can be expressed in terms of a single unknown form factor ^{y). According 
to the celebrated result called Luke's theorem ||144|| , at the point of zero recoil for the D* 



meson (i.e. ?/ = 1), this universal form factor is absolutely normalized up to corrections of 
order 1 / niq (where mq is the c quark or b quark mass) . 
The decay rate 

dv/dy = g{y)^\\v,,\'e{y) (10) 

where Qiy) is a known function, rj^ = 0.986 ± 0.006 accounts for QCD corrections and ^{y) 
is the universal form factor. After subtracting background and and correcting for efficiency 
the experimental distribution of dT/dy is divided by the factor Q{y) to give a distribution 
whose intercept is |V^f,p^^(l). In the limit of heavy quark symmetry, the intercept is the 
physical quantity of interest, |V^f,p. In principle, the value obtained in this manner has no 
model dependence. 

The dV/dy distribution is extracted after subtracting backgrounds from fake D* and 
random D* lepton combinations. This distribution is then corrected for efficiency. After di- 



viding through by Q{y) CLEO II obtains the distribution shown in Figure 22 which combines 
events from the modes B^ — * D*^l^v and B^ D*^l^v. Experimentally, since there are 
few events near the point of zero recoil, all the available data is used over the entire y range 
and then an extrapolation to ?/ = 1 is made. Most of the functional forms proposed for ^ {y) 
are roughly linear near y = 1. Thus the experimental distribution is fitted to the functional 
form |V"cbp(l — p^{y — !))• After properly accounting for the smearing in y due to the motion 



of the B meson | ]I31[j , the product .^(l)//^!^^! is determined (Table pC-Xlll[ ). The dominant 



experimental systematic error is the uncertainty in the slow pion detection efficiencies. 

TABLE XXIII. Experimental measurements of the product |lc6|^(l)?7yi and in B ^ D*£u. 
These have been corrected for the change in D and D* branching fractions and the average B 
meson hfetime. 



Experiment 






ARGUS 


0.0388 ± 0.0055 


1.17 ±0.23 


CLEO II 


0.0347 ± 0.0027 


0.84 ±0.15 


ALEPH 


0.0382 ± 0.0056 


0.46 ± 0.34 


World Average 


0.0359 ± 0.0022 


0.88 ±0.12 
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TABLE XXIV. Theoretical Calculations of the Intercept of the Isgur-Wise Function. 



Theorist ^(l)ryyl 

Shifman et al. 0.89 ± 0.03 

Neubert I 0.97 ± 0.04 

Neubert II 0.93 ± 0.03 

Mannel 0.96 ± 0.03 



There are two significant uncertainties in the final determination of \Vcb\ from measure- 
ments of the spectrum at zero recoil. These arise from the model dependence in the calcula- 
tion of the l/rn^f. corrections to ^(1) and the lack of knowledge of the functional form of the 
function ^{y) which is used for the extrapolation. There are now at least four calculations of 
(^(1) to order from Neubert ||146|| , ||147|| , Mannel | 149 | and from Shifman, Uraltsev and 
Vainshtein ||150|] . For example, using ^{l)riA = 0.93 ± 0.03 from Neubert ||147|| , we obtain 



\Vcb\ = 0.0386 ± 0.0024(exp) ± 0.0012(theory) 

where the first error is experimental and the second is the quoted uncertainty in ^(1). Other 
recent estimates of this product obtained using QCD sum rules are given in Table pCXlV| and 
references 



146 , 147 , 149 



||150|| . The model dependence from the theoretical uncertainty 
in the normalization is about 4% but may be reduced in the near future. 

The uncertainty from the shape of ^ [y) can be investigated using several of the functional 
forms proposed in the literature. CLEO II finds that the systematic error from this source 
is less than 5% in \Vcb\ ||132|| . 

Note that the quantity and the quantity determined in the CLEO II form factor 
analysis are slightly different. The former is calculated assuming HQS (heavy quark symme- 
try). An approximate relation between the two values is p^ ^ p^ — 0.2 ||147| |. The two values 
agree well. 

The universal form factor C,{y) is a quantity which cannot be derived in perturbation 
theory. To obtain this function, one must depend on models or on QCD lattice calculations. 
For instance, from a fit to the dT/dy spectrum with a linear functional form, CLEO II obtains 



0.84 ±0.12 ±0.08 



A fit using a Taylor expansion which includes a quadratic term for ^(y) gives slightly different 
results for p^. The magnitude of the quadratic term is very poorly determined. The value 
of p^ is consistent with most quark models, QCD sum rules, and with lattice calculations. 



El. b u Transitions and \Vub\ 

A non-zero value of \Vub\ is necessary but not sufficient if the Standard Model is to 
provide a consistent description of the CP violation observed in the kaon sector. A precise 
measurement of \Vub\ is required to constrain the allowed range of CP asymmetries in the 
B sector. The experimental signature for inclusive b ^ u transitions is an excess of leptons 
beyond the kinematic limit for the transition b ciu. The branching ratio for the inclusive 
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djY^ 1 1 

FIG. 22. Distribution of [ — 1 2 for B D*^~u candidates with a fit to a linear parame- 

dy Q[y) 

terization of ^(y), the Isgur-Wise function. 



process is large 0(10^'^). However, there are also substantial backgrounds from continuum, 
misidentified leptons and mismeasured b —>■ c transitions. 

The first evidence for charmless semileptonic B decay and for non-zero \Vub\ was re- 
ported by the CLEO 1.5 experiment in 1989 from the inclusive lepton momentum spectrum. 
Corroborating evidence was presented shortly afterwards by the ARGUS experiment, who 
introduced hermiticity cuts to detect the presence of a neutrino and thus significantly reduce 
background levels. 

To extract a value of |V^«fe/Kfe|, the physical quantity of interest, the yield of leptons in 
the signal window, which is limited to a small portion of the Dalitz plot, must be corrected 
for detection efficiency and then extrapolated to the full allowed kinematic range range. The 
resulting width must then be converted to the ratio of CKM matrix elements. In other 
words, 



Vub I ^ ^Bub 



Vcb d{p) 



(12) 



where ABub = — — and dip) = fuip) — - In principle, each factor in equation (O) is model 

dependent. In practice, the only factors with large model dependence are 7„, which relates 
the width and \Vub\ via T(b uiu) = 'julVub]'^ and d{p) the fraction of 6 — uiu decays which 
lie in the momentum window. 

These factors have been determined using a variety of models which belong to two generic 
classes: inclusive parton models such as the model of Altarelli et al. [p.09|| and models with 



exclusive final states e.g. ||11CI|| , ||100|| , ||101| ], [ |102|| , ||163|| . Model dependence in the value of 
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\Vub\ is a severe systematic limitation. In the past, as large as a factor of two uncertainty in 
the value of |\46| has been assigned to this model dependence. 

In principle, the decay rate for an exclusive mode can be translated into a less model 
dependent value of \Vub\ using exclusive models. While no exclusive decay mode accounts 
for more than 3.5% to 14% of the inclusive rate, backgrounds in individual exclusive modes 
are fairly small. The most promising modes are B Triu and the modes with a vector 
meson, B p^iu, B — > p'^ii', and B uiu. In 1991 ARGUS reported evidence for two 
fully reconstructed candidates in the B^ — > vr and B~ {xPl~v modes ||171|. 



1. Inclusive Semileptonic b ^ u Transitions. 

In the analyses of inclusive semileptonic b u transitions by CLEO 1.5, ARGUS and 
CLEO II, tight track quality cuts are imposed and special care is taken to reduce background 
from mismeasured b civ decays which can be smeared beyond the kinematic limit. The 
largest remaining background is then due to continuum processes i.e. non-resonant qq pro- 
duction and is suppressed with event shape cuts. 

In the CLEO II analysis which has the highest statistical precision, two complementary 
analyses are carried through. One analysis employs strict cuts which make ample use of 
the hermiticity of the detector and imposes the requirement that an energetic neutrino be 
present which is opposite in direction to the lepton. This analysis achieves the best signal to 
background ratio. There is also a second analysis with no hermiticity cuts and less stringent 
requirements on event shape variables. 

In the analysis with loose cuts, only a modest requirement on the event shape is imposed, 
i?2 < 0.3. This analysis attempts to use selection criteria that are similar to the cuts used in 
the CLEO 1.5 analysis. The efficiency of the hermiticity cuts used in the strict analysis will 
depend somewhat on the spectrum oi B ^ uiu. On the other hand, the analysis with 
strict cuts has the advantage that the allowed phase space is restricted to the region where 
resonances (vr, p t], u) dominate and where exclusive models are most reliable. 

The lepton momentum spectrum with the continuum data and a histogram from a 6 — ^ c 
Monte Carlo superimposed is shown in Fig. ^ The background is subtracted using a fit to 
the continuum data, which were recorded at an energy slightly below the T(4S') resonance. 
In the loose analysis, 128.5 ± 26.3 ± 15.2 excess leptons are observed in the momentum 
interval between 2.4 and 2.6 GeV, while in the strict analysis, an excess of 43.0 ± 10.1 ± 6.6 



leptons is found in the same interval. As can be seen from Figure ^ the yield beyond the 
kinematic limit for b — *• uiu production is consistent with zero. 

For the loose analysis, the partial branching fraction is Ai?u(2.4, 2.6) = (0.90 ± 0.18 ± 
0.12) X 10~^ while for the strict analysis, the corresponding branching fraction is Ai?u(2.4, 2.6) 
= (0.70±0.16±0.12) X 10"^ where the ACCMM model has been used to evaluate the detection 
efficiency. 

The agreement found in CLEO II between the branching fractions from the analysis with 
strict cuts and the analysis with loose cuts indicates that the choice of dependent selection 
criteria in the analysis with tight cuts does not introduce significant model dependence in 
the final result. The largest source of model dependence is due to the extrapolation from 
the narrow signal window to the full kinematic range (the factor fu{p))- 
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FIG. 23. Lepton momentum spectra from CLEO II for (a) the analysis with tight cuts and (b) 
the analysis with loose cuts. The filled points with error bars represent the T(4S') data. The open 
circles are the data taken below resonance, while the dashed line is the fit to the off-resonance data. 
The solid histogram is a Monte Carlo simulation of & — > cUv processes. 



The central value for the branching fraction from the CLEO II experiment is significantly 
below the previous CLEO 1.5 and ARGUS results for this momentum interval. The CLEO II 
and CLEO 1.5 measurements are consistent at the 2.5 standard deviation level. The large 
values initially reported by CLEO 1.5 and ARGUS are now believed to be upward fluctua- 
tions. In addition, the yields in the lower momentum bins from both the early experiments, 
which must be determined after subtractions of large b —>■ c backgrounds, are marginally 
consistent with the yield in the high momentum (2.4 — 2.6 GeV) bin. In the CLEO II analy- 
sis, the branching fractions determined from the 2.3 — 2.4 GeV bin and the 2.4 — 2.6 GeV bin 
are in good agreement. For these reasons, we have chosen to determine the value of 
using the branching fraction measured by CLEO II in the high momentum bin. Note that 
including the CLEO 1.5 and ARGUS results gives only a small shift in the world average 
since the errors for these measurements are large. 



These results can be used to deduce values for Vub, which are given in Table PCXVI 
Taking the central value from the ACCMM model gives 

^1 = 0.073 ± O.Oll(exp) ± OMQ{model) 



cb 



and a range at the 1 standard deviation level 0.095 > 1^1 > 0.055. The table includes the 
estimate from D. Scora for the revised ISGW model ||102|| (denoted ISGW2) but does not 
include the older ISGW model. Incomplete exclusive models such as those of Korner and 
Schuler and Wirbel-Stech-Bauer that do not calculate all the exclusive final states which are 
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relevant for the endpoint region are also omitted. 



TABLE XXV. Experimental measurements of the partial branching fraction for b uiv 
transitions in the lepton endpoint region. (*) The ARGUS value is deduced indirectly from the 
value of \Vub/Vcb\'^ given in their publication. 



Experiment 


B{2.2 - 2.6) GeV 


B{2.3 - 2.6) GeV 


e(2.4 - 2.6) GeV 


CLEO 1.5 


(33 ±8 ±8) X 10-5 




(18±4±3) X 10-5 


ARGUS 




(32.8 ± 7) X 10-5 * 




CLEO II 




(8.2 ± 1.5 ±0.9) X 10-5 


(7.0 ± 1.6 ± 1.2) X 10^5 



World Average (7.0 ± 2.0) x 10-5 



TABLE XXVI. Determination of from various theoretical models for the momentum 

interval 2.4-2.6 GeV. 



Model 7„ X lOi^sec f{p) d{p) \V,b/V, 



cb\ 



ACCMM 80.4 0.055 0.123 0.073 ±0.011 

BBD 68.0 0.074 0.113 0.071 ± 0.011 

Hybrid 84.3 0.066 0.135 0.065 ± 0.010 

ISGW2 58.8 0.049 0.0703 0.083 ± 0.012 



2. Exclusive Semileptonic b ^ u Transitions 

CLEO II has searched for the exclusive decays p^l^v and 5° p^i'u and 

ujC^v. They require that the observed momenta be consistent with a missing neutrino taking 
advantage of production at threshold. The p {uj) invariant mass spectrum is then examined 
after applying additional cuts. Event shape cuts are used to suppress background from the 
dominant background e^e~ —>■ qq which are jetlike in contrast to BB events which are more 
spherical. The analysis is divided into two lepton momentum ranges: 2.3 > Eiep > 2.0 GeV, 
and 2.6 > Eiep > 2.3 GeV. All models are in approximate agreement that about 60% (52% 
in WSB to 72% in ISGW) of the rate is contained in the union of the two ranges. 

Both the ARGUS and CLEO II analyses of exclusive b u transitions make use of 
the hermiticity of the detector. For example, CLEO II requires the missing mass of the 
remainder of the event be greater than -0.2 GeV^ and less than 5.0 GeV^. In addition, the 
missing momentum vector should balance the visible momentum of Y = pi system. 

The branching ratios for B ^ p and B uj decays are related by the quark model 
and isospin invariance such that B{B^ — > p^iu) = 2B{B^ p^iu) = 2B{B~ ui'i^). 
No signal was observed and CLEO placed an upper limit on the production of light vector 
mesons {p~^^^\ uj) 

B{B- V^iv) < (1.6 - 2.7) X 10"^ at the 90% C.L. 

where the upper end of the range corresponds to calculating the efficiency using the ISGW 
model. The results for different models and for an older ARGUS analysis [|171|] are listed in 
Table IXXVn. 
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The CLEO II results are used to obtain the constraints: 



\Vuh/Vcb\ < 0.08 - 0.13 at the 90% C.L. 



where again the range given corresponds to the three models considered. These limits are 
consistent with the values of determined from the inclusive lepton spectrum. 

ARGUS has also reported the observation of two events in exclusive semileptonic b —>■ u 
modes, 7r+£~z/ and B~ — > Lji"^ opposite fully reconstructed modes ||167|| . 



TABLE XXVII. Measurements of Exclusive Charmless Semileptonic B Branching Ratios. Here 
V denotes a vector meson as discussed in the text. 



Experiment 



Mode 



ISGW 



WSB 



KS 



< 0.9 X 10-3 

< 1.1 X 10-3 

< 2.1 X 10"^ 

< 2.1 X 10"^ 

< 4.1 X 10"^ 

< 1.6 X 10"^ 



ARGUS 
ARGUS 
CLEO II 
CLEO II 
CLEO II 
CLEO II 



B 
B 
B 
B 
B 
B 



p+lv 



2.7 X 10"^ 



< 2.3 X 10"'' 



3. Observation of B ^ Triv Transitions 



The first signal for an exclusive semileptonic charmless decay mode has been reported 
recently by CLEO II in the mode B Tiiv ||1 78|| . Events in which the neutrino momentum is 
well constrained from the missing energy are used. This allows a beam constrained mass and 
energy difference to be constructed in analogy to exclusive hadronic B decays. The effective 
beam constrained mass distribution for B^ 7r+£~z/ and B~ n^i'i/ candidates after a cut 



on the energy difference is shown in Fig. 24. A likelihood fit to the beam constrained mass, 



the energy difference, and sin^ distributions [[1771] , shows that the excess has a significance 



of 3.8 standard deviations. The resulting branching fraction is 



B{B TT+£iy) = 1.19 ± 0.41 ± 0.22 ± 0.19 x 10-^{ISGW) 

B{B 7r+£z/) = 1.70 ± 0.50 ± 0.31 ± 0.27 x 10~\BSW) 
for the ISGW and BSW models, respectively ||1 78|| . No significant excess is observed in the 



B{B — » piu) mode. 

Measurements of branching fractions for exclusive charmless modes will be an important 
step towards establishing a reliable value of \Vub\- 



4- Prospects for the Determination of \Vub\- 

The model dependence in |Kjfe/Ucfe|; which is larger than the experimental error, will be 
reduced eventually by the detailed study of inclusive and then exclusive decay modes. At 
present, with the inclusive sample, rough checks of the dependence in inclusive h ^ u 
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FIG. 24. Beam constrained mass distributions from CLEO II for (a) B ttIv and (b) B — > plv 
candidates. The dotted line shows the background contribution which inckides 6 — > c and other 
h ^ u decays. 



decay are possible. In the future these may allow some discrimination between models (see 
Figure ^5]) |[169|| , ||170|| . For instance, the inclusive Altarelli style model peaks at a lower 



than does the ISGW model (the sum of exclusive final states). The early version of the 
ISGW model disagrees with the observed spectrum at the 1.5 a level. With larger data 
samples this approach will either rule out or severely constrain models of b u decay. 

If the b ^ c backgrounds can be well constrained and the continuum background reduced 
to a sufficient degree by the use of detector hermiticity, then the stringent lepton momentum 
cut may be relaxed and a larger fraction of b —>■ uiu events accepted. This approach could 
significantly reduce the model dependence in \Vub\- 

Once exclusive b ^ u modes are observed, various integrated quantities such as the vector 
meson polarization in S — V^v and the average lepton energy can be compared to models. 
Unlike the b ^ c case, the differences between models are significant. It is also possible 
to compare data on other heavy quark to light quark transitions to models. For example, 
one can compare the form factors in — * K'iu and D K*lv to various models . 



The form factors for B D*ih', where large event samples are available, have also been 
checked (see section |1V C\) and are consistent at the present level of experimental precision 
with HQET and quark models. 

As noted by Isgur and Wise, the use of HQS (heavy quark symmetry) gives relations 
between various heavy to light form factors ||173|| . For instance, the B ^ p form factor can 
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FIG. 25. distribution for two theoretical models of 6 ^ uiv transitions. The solid histogram 
is the model of Altarelli et aZ. while the dashed histogram is the original model of Isgur, Scora, 
Grinstein and Wise (ISGW). 



be related to the corresponding D ^ p form factor at equal p energies provided one assumes 
that the light degrees of freedom decouple 

< p(fc,e)|n7„(l -75)fc|5(^) >= (!^)'/'[^£i!^]-6/25 < p(k, e)\uj^{l - j,)c\D{v) > (13) 

when the momentum transfer to the p meson is much less than a heavy quark mass, i.e. 
V ■ k « mc,mb- If in addition, SU{3) symmetry holds, then the B p form factor can 
be related to the D —>■ K* form factor. Analogous relations can be derived between the 



B ^ TT and D K form factors [p,74|| . Thus, precise measurements of the form factors in 



semileptonic D decays in conjunction with measurements of exclusive charmless semileptonic 



B decays may be useful in the future determination of \Vub\ ||175|| . However, there are several 
potential difficulties with this approach. The type of relation given in equation (|l^) may 
have significant l/mq corrections. At very small momentum transfer, other theoretical 
corrections ("pole terms") may be large. Experimentally, the kinematic range available in 
D ^ p decays is much smaller than in the corresponding B decay, so models will still be 
needed to extrapolate to the case of B decays. 

Akhoury, Sterman, and Yao have suggested that measurements of the exclusive decays 
B Tciu and B —>■ piu at low may be suitable for the determination of \Vub\ [ |176|| . They 



suggest that the inclusive width of these decays in the range = (0 — 9.2) GeV^ can be 
calculated reliably using QCD factorization theorems. Then experimental measurements of 
these decays can be used to extract \Vub\- 

Another possible approach to a model independent determination of |Vub/Vc6| has been 
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FIG. 26. Pseudo distribution in CLEO II data compared with two theoretical models of 
h — > ulv transitions. The original model of ISGW is shown as the solid histogram, while the 
ACCMM model is the dashed histogram. 



suggested by Neubert [361 



The proposed method makes use of the relation between the 
u^v and b ^ s'y transitions to ehminate the uncertainty from 
u in the endpoint region. A simphfied and intuitive description 



ml where 



differential spectra for b 
the hadronization of 6 - 

may be useful. The width for inclusive b ^ u transitions is proportional to \Vub 
mb is the b quark mass. On the other hand, in the rest frame of the b quark, the average 
energy of the photon emitted in the inclusive 6 — > 57 decay is mb/2. Thus, determination of 
the average photon energy in the electromagnetic penguin provides a way to eliminate the 
uncertainty from the b quark mass. It is remarkable that a slight modification of this idea 
remains useful after the effect of the cut on lepton energy in 6 — > m, QCD corrections, and 
the Fermi motion of the b quark have been properly included. Several authors have proposed 



similar techniques for the determination of \Vub\ | |360| |, [ p62|| , ||363|| . It should be noted that 
if the b ^ u endpoint region is dominated by a single resonant mode (e.g. B pii^), this 
technique may not be valid 



360 



V. B - B MIXING 

In production processes involving the strong or the electromagnetic interaction neutral 
B and B mesons can be produced. These flavor eigenstates are not eigenstates of the weak 
interaction which is responsible for the decay of neutral mesons containing b quarks. The 
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strong eigenstates are linear combinations of the weak eigenstates, 



\Bi >=^i\B'>+\B' >) 

\B, >=i=(|B°>-|B° >) 

This feature and the small difference between the masses and/or lifetimes of the weak in- 
teraction eigenstates gives rise to the phenomenon of B — B mixing. The formalism which 
describes B meson mixing closely follows that used to describe — mixing, although 
the time scale characteristic of B — B oscillations is much shorter. 

If a pure \B^ > state is produced at time t = 0, then at later times it will evolve into 
a new state which contains an admixture of >. The weak interaction eigenstates are 
denoted Bi and B2, and have masses Mi, M2 and widths Fi, r2 respectively. The difference 
between the masses is denoted AM, while the difference between the widths is AF. The 
average width will be referred to as F. The probability that the state, initially produced as 
\B^ > will mix into \B^ > at time t is given by 

P(5° ^ 50) = exp (-Ft) [1 - cos(AM t)]. 

For convenience, the ratios x = AM/F and y = AF/2F are frequently introduced. The 
contribution of y to mixing is usually neglected. Its size is determined by the fraction of 
final states which are common to both B and B mesons. The difference between the width 
for those final states with one sign of CP and those with the opposite sign determines the 
magnitude of AF. In contrast to the case of neutral kaons, the branching ratio for such 
modes (e.g. B{B^ — ipK*)) is small, so y « x for neutral B mesons. The magnitude of x 
determines the frequency of the mixing oscillations. 

The quark level process responsible for B — B mixing is shown in Figures 1(g) and 1(h). 
The contribution to AM for B^ — B^ mixing is found to be 

AM, = -^m^m? F(^) VqcdBbJIMVu? (14) 

where Gj? is the weak coupling constant, is the top quark mass, F is a slowly decreasing 
function which depends on irtt and my/-, Vqcd is a factor which accounts for QCD corrections, 
Bbj is a constant which is used to account for the vacuum insertion approximation, and Jb 
is the decay constant of the Bd meson. An analogous expression for Bg-Bg mixing can also 
be obtained. Since \Vts\ » \Vtd\, the rate and frequency of mixing for the Bg meson will be 
significantly larger than for the B^, meson. 

Since the mass of the top quark has been determined and the QCD correction has been 
calculated to NLO {rjQCD = 0.55) [|179|| , the largest uncertainties in Am, arise from the 



1/2 

product BJ^ Jb^- This last factor must be determined from non-perturbative methods such 
as lattice calculations or QCD sum rules. 

Evidence for Bd — Bd mixing was first reported in 1987 by the ARGUS experiment from 
the study of like sign lepton correlations ||180|| . The CLEO 1.5 experiment later confirmed 



the result |181|. The observed level of mixing was significantly larger than theoretically 
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FIG. 27. A fully reconstructed event with mixing observed by the ARGUS experiment. 



expected and provided the first suggestion that the mass of the top quark was large, much 
greater than 30 GeV as was indicated by the UAl experiment at that time. 

The substantial mixing rate also implies that CP violation could be large in B decay to 
CP eigenstates, provided the amplitude for the B decay to a CP eigenstate interfers with 
the amplitude for a B meson to mix and then decay to the same final state. A relative phase 
between the two amplitudes can be introduced by the CKM couplings. That is, mixing 
provides a mechanism that gives rise to interfering amplitudes and hence CP violation. 

To experimentally measure mixing requires identification of the initial state flavor of 
the neutral B meson at production as well as the final state flavor after decay of the B 
meson. This "tagging" of the initial flavor can be accomplished using leptons or other 
partial reconstruction techniques. In addition, the production fraction for the neutral B 
meson in question must be known. 

Several experimental parameters are used to measure the strength of mixing. For exam- 
ple, the ratio of the time integrated number of S° and S° mesons is denoted r = if the 
initial state is \B^ >. In general, mixing is measured by studying pairs of B mesons since 
one of the B hadrons is needed to tag the flavor at production. The ratio of the number of 
mixed events to the number of unmixed events is given by 

N{BB + BB) 
~ N{BB + BB) 
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At threshold, this becomes 



R 



On the T(45') resonance and at the threshold for BB* production, BB pairs are produced 
coherently i.e. in a state of definite orbital angular momentum. Quantum statistics for spin 
zero particles implies that the wave function of the BB must be antisymmetric (symmetric) 
for production with odd (even) orbital angular momentum. This is the case for production 
at the T(4S') where 

fi=^(lodd) 

At BB* threshold, the relative orbital angular momentum is zero, and 

R = 7, 7 (1 even) 

Production of neutral B mesons at the and at hadron colliders is an incoherent sum of 
these two cases. 

It is also useful to define x which is the probability that a produced neutral B meson 
mixes and then decays as a neutral B meson. The fraction of mixed events is then 2% (1 — x). 
Experiments at the T(4S') resonance extract the mixing parameter from the observed ratio of 
like-sign dileptons to opposite dileptons. This requires knowledge of the relative production of 
B^B~ and B^B^ mesons pairs. For this case, Xd = (l + A)r^rong, where A = /+//o(r+/r°)2, 
r wrong IS the ratio of the number of like-sign dileptons to opposite sign dileptons and /+, /o 
are the fractions of B^B^ and B^B~ pairs produced, respectively. The current uncertainty in 
A leads to a systematic uncertainty of about 20% in measurements of mixing from threshold 
experiments which use like sign dileptons to determine the b quark flavor. 



A. Bd - Bd Mixing 

The determination of the B^ mixing parameter with the best statistical precision is 
obtained from measurements of the rate for like-sign dileptons in experiments at threshold. 
The yield of like-sign dileptons is found after subtracting background contribution from non- 
resonant production (continuum), cascades, xjj^ and misidentified leptons. There are results 
from the ARGUS, CLE01.5 and CLEOll experiments (see Table pCXVlllp . 



To reduce the systematic error from the poorly measured fraction A, another technique 
to increase the B^ — B^ content of the sample has been developed. Events which contain a 
wrong sign lepton and a partially reconstructed B D*^ii> decay are used. In this case, it 
is not necessary to detect the decay products of the D° meson. The method takes advantage 
of the small energy release in the decay D*^ D^tt^ and the kinematic constraints of 
production near threshold | 183 |, ||113|| . 



In the CLEO II analysis, the energy of the D* is approximated by (E^/E*) x Md* where 
Et^ is the energy of the slow vr in the laboratory frame and E* is the corresponding energy 
in the center of mass frame ||183|| , [p.84|| . The direction of the slow pion is a good estimator 



of the D* direction. A quantity analogous to missing mass is formed: 

^ {Ebeam ' Ei - E*j,f - \pi + P*d\'' 



65 



TABLE XXVIIL Measurements of the mixing parameter Xd from threshold experiments. The 
first error is statistical, while the second is the experimental systematic error and the third is due 
to the uncertainty in A. 



Experiment 


Technique 


Xd 


ARGUS 




0.173 ± 0.038 ±0.044t^:^^^ 


CLEO 1.5 
CLEO II 
ARGUS 
CLEO II 


partial D*-l+u, £+ 
partial D*-£+u, £+ 


0.142 ±0.035 ±0.034t°:°25 
0.157 ± 0.016 ±0.018t[J:[]|? 
0.162 ±0.043 ±0.039 
0.149 ± 0.023 ± 0.019 ± 0.010 


Average T(45) 


£+,£+ 


0.156 ±0.020i^:^^^(A) 


Average T(45) 


partial D*-£+u, £+ 


0.151 ± 0.0265 ± 0.010(A) 



where Ej:,* and po* are the estimates of the D* energy and momentum determined from the 
slow pion energy and direction. For signal events, the variable MM^ peaks near zero with a 
width of 0.9 GeV^. A similar partial reconstruction technique has been applied by ARGUS 
| TT3| . 

The measurement of Xd using the partial reconstruction technique substantially reduces 
the systematic uncertainty from A but has a slightly larger statistical error. Note that the 
results from the dilepton and partial reconstruction analyses should not be combined since 
there is substantial overlap between the datasets used for the two analyses. 

TABLE XXIX. Measurements of the mixing parameter AM^ in units of ps~^. The notation 
(time) indicates that an explicitly time dependent measurement was performed to determine the 



mixing parameter. 


Experiment 


Technique 




ALEPH 


£+,^+(time) 


0.44 ± 0.05^^;^^ 


OPAL 

DELPHI 

ALEPH 

OPAL 

DELPHI 

OPAL 

DELPHI 

DELPHI 


£+,^+(time) 
£+,^+(time) 

(time) 
D*^+,Qj(time) 
D*£+,Qj (time) 
D*+,£+(time) 
£+,K+,Qj (time) 
D*+,Qj{time) 


n /|fi9+0.040+0.052 

n cq+0.11+0.11 
U-"J"J-0.10-0.10 

0.497 ± 0.070 ± 0.036 
0.508 ± 0.075 ± 0.025 
0.456 ± 0.068 ± 0.043 
0.57 ±0.11 ±0.02 
0.586 ± 0.049 ± 0.062 
0.50 ±0.12 ±0.06 


T(45) 
LEP 


partial D*-£+,£+ 
(time) 


0.405 ± 0.041 
0.501 ± 0.034 


World Average 




0.462 ± 0.026 



Time integrated mixing measurements from LEP and hadron colliders determine the 
quantity x =fdXd + fsXs where fd and fs are the fractions of Bd and Bs mesons produced. 
This method gives weak constraints on Xs and Xd which are not competitive with those 
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deduced from the time dependent measurements and from the experiments at the T(4S') 
resonance. Hence these results will not be discussed further. Additional details and a 
summary of these results are available in Ref. 



The ALEPH, DELPHI and OPAL experiments have performed explicit measurements 
of P{B^ B^) as a function of time to obtain the parameter [ |18Ci|j , [ |187]| , [|188| . The 



initial state b quark flavor is tagged either using leptons or jet charge, while the flavor of 
the final state b quark is tagged using either D*~^i'X, B^ — > D*~^X, or B^ — > £'X. 

If the final state is not fully reconstructed, as is the case for the analyses using dileptons, 
then the decay time must be determined using a topological vertexing technique where the 
lepton from the B decay and the other tracks in the same jet hemisphere are combined. The 
boost is determined using the observed energy, missing momentum and a correction factor 
determined from a Monte Carlo simulation. 

The observed fraction of like sign leptons iV_|_+/(A^++ + A^+_) is clearly not time indepen- 
dent (see Figure EH) and the beginning of one oscillation cycle is visible. A full oscillation 
lasts about 15 ps. Due to the effects of acceptance and resolution, additional oscillations are 
not seen. The largest contributions to the systematic errors in the measurements of Am^ 
using time dependent D*— lepton correlations arise from the uncertainties in the decay time 
resolution and the knowledge of the charged B meson fraction. For the measurements with 
dileptons and those using the lepton-jet charge tagging technique, the uncertainty in the Bg 
fraction at the Z° also gives a significant contribution to the systematic error. 

The results from the LEP experiments with silicon vertex detectors are given in Ta- 
ble PCXIX| as well as the average of the CLEO II and ARGUS measurements using the 
partial reconstruction technique. The T(45') value was computed using the world average 
for the B^ lifetime. The results from the various time dependent techniques used by the 
LEP experiments were averaged separately and then combined to form the LEP average. 
For the LEP dilepton measurements, a common systematic error of 0.09 ps^^ was assumed, 
while for the D*'^l~, Qj results, a common systematic error of 0.02 ps~^ was assumed. The 
systematic errors in the different techniques were then assumed to be uncorrelated. This 
treatment of the systematic errors gives slightly more weight to the results with jet charge 
tagging technique than a simple weighted average. 



B. Bs- Bs Mixing 

The measurement of the mixing parameter Xg = AM/T for the Bg meson is one of the 
goals of high energy collider experiments and experiments planned for future facilities 
A measurement of Xg combined with a determination of Xd, the corresponding quantity for 
the Bd meson, allows the determination of the ratio of the CKM matrix elements |^dP/|^sP 
with significantly reduced theoretical uncertainties. The ratio of the mixing parameters can 
be written as 

Xs _ {mB,r]QCDBfl^) V^g Td 
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FIG. 28. The fraction of wrong sign leptons as a function of time from the ALEPH experiment. 



where the factor which multiphes the ratio of CKM matrix elements is beheved to be unity 
up to SU (3) breaking effects. Ah and London |p57|| have estimated 



^ = (1.19 ±0.10)^ 
Amd \Vt 



2 



td\ 



2 



The time integrated probabihty that a neutral B meson mixes is x = |y+^- ^ becomes 
large, as is expected for the Bs meson, x asymptotically approaches 0.5. Thus time integrated 
measurements of Bg mixing are insensitive to Xg when mixing is maximal, and one must make 
time dependent measurements in order to extract this parameter. These are experimental 
challenging due to the rapid oscillation rate of the Bg meson. 

Using dilepton events in which the tagging lepton is vertexed with other tracks in the same 
hemisphere and the neutrino energy is deduced from the energy flow in the event, ALEPH 
has searched for a high frequency component in their fit to the proper time distribution. 
They find AMg > 3.9 ps ~^ or Xg > 5.5 [|186|| . From an event sample with a lepton and 



a tag using a special jet charge where each track is weighted by its rapidity ||189|] , ALEPH 
has obtained an even tighter constraint on the rate of Bg mixing. The jet charge tagging 
technique allows a high efficiency, of order 45%, to be achieved with mistagging probability 
of about 21%. The upper limit on Bg mixing is determined by performing a series of Monte 
Carlo experiments. Allowing for systematic error including a 30% uncertainty in the Bg 



fraction, they obtain AMg > 6 ps or a;^ > 8.5 at the 95% confidence level ||186||, ||185| 
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Similarly, OPAL uses the dilepton technique and allows for a high frequency component in 
their fit. They obtain AM^ > 2.2 ps~^ which gives Xs > 3.0 at the 95% confidence level 



1^ 



Other tagging techniques, for example, using the fragmentation kaon to enhance the Bg 
content or partial reconstruction of the Dg meson are being investigated by the high energy 
collider experiments. 

For the Bg meson, the quantity AF may be large enough to be observable. Parton model 
calculations 



190 



191 1 suggest that the width 



and calculations with exclusive final states 
difference may be 10 — 20%. This lifetime difference could be determined experimentally by 
using decays to final states with different CP. For example, a measurement of a difference 
in the lifetimes between 5^ ipcf) and 5° Djl^u would yield AF/F^. It has also been 



suggested that such measurements could be used to constrain |V^s/VJdp if parton model 
calculations are reliable ||192||. 



VI. INCLUSIVE B DECAY 
A. Motivation 

Due to the large mass of the b quark B meson decays give rise to a large number of sec- 
ondary decay products. For instance, CLEO finds that the charged and photon multiplicities 
at the T(45) are: ra^hargcd = 10.99 ± 0.06 ± 0.29, = 10.00 ± 0.53 ± 0.50, respectively |9|. 



Similarly, ARGUS ||194|| finds ncharged = 10.74 ± 0.02. The high multiplicity of final state 
particles leads to a large number of possible exclusive final states. Even with a detector that 
has a large acceptance for both charged tracks and showers, it is difficult to reconstruct many 
exclusive final states because of the combinatorial backgrounds. Furthermore the detection 
efficiency drops for high multiplicity final states. Thus, to get a complete picture of B meson 
decay, it is important to study inclusive decay rates. 

A number of theoretical calculations of inclusive B decay rates have been made using 
the parton model. It is believed that measurements of such inclusive rates can be more 
reliably compared to the theoretical calculations than can measurements of exclusive decays 
While this is sufficient motivation for studying the inclusive rates, there is also a need for 
accurate measurements in order to model the decays of B mesons both for high energy 
collider experiments, and for experiments at the T(4S'). As a specific example, the inclusive 
rate for B ^ ip has been used to determine the B meson production cross-section at the 
Tevatron [195]. 



The branching ratios for inclusive B decays to particular final state particles are de- 
termined by measuring the inclusive yields of these particles in data taken on the T(45') 
resonance, and subtracting the non-resonant background using data taken at energies below 
the T(45') resonance. The off- resonance data are scaled to correct for the energy dependence 
of the continuum cross-section. Results on inclusive production at the T(4S') are usually 
presented as a function of the variable x, which is the fraction of the maximum possible 



momentum carried by the particle, Pmax = y E'^eam ~ The endpoint for production in 
B decays is at a; = 0.5. 
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B. Inclusive B Decay to Mesons 



CLEO 1.5 ||196|| has measured the branching fractions of inclusive B decays to hght 
mesons, while ARGUS has determined the average multiplicities of light mesons in B decay. 



FIG. 29. The momentum spectra for B — > rjX as measured in CLEO II data. 



If more than one meson of the particle type under study is produced in a BB decay, then 
the branching fraction and the multiplicity will differ. Unless otherwise noted, the results 



reported in Table pCXX| are averaged over B and B decay. 

In the decay b c ^ s the charge of the kaon can be used to determine the flavor of the b 
quark. A first attempt to measure the tagging efficiency and misidentification probability for 
this method has been performed by ARGUS ||197|| . With the large sample of reconstructed B^ 
and B~^ decays from CLEO II it should be possible to measure these quantities directly. The 
experiments also measure the momentum spectra for the particles listed in Table pCXX| . An 
example of such data is the momentum spectrum for B ^ rj production shown in Figure 29 



These results provide important information needed to improve Monte Carlo generators and 
determine tagging efficiencies for future B experiments ||198 . 

The inclusive production of D", , and D*~^ mesons in B decay has been measured 



by ARGUS ||199|| and CLEO 1.5 [pO0|| . Preliminary measurements of several of these inclusive 
branching fractions from CLEO II have also become available |39], [202]. To improve signal 
to background, only the — > K^n^, K^-k^-k^ and - 



)7r 



decay modes are 

used. The results, rescaled for the charm branching ratios, are given in Table pCXXII . 



Other detailed properties of inclusive B decay have been determined in addition to branch- 
ing fractions. The momentum spectrum for the inclusive decay of B mesons to , and 
D*^ as measured by CLEO 1.5 are shown in Fig. ^ The D*^ spectrum is not measured 
for X < 0.1 due to poor reconstruction efficiency for slow tracks. The polarization as a 
function of x for B D*^ has also been measured and was found to be consistent with the 



predictions of Wirbel and Wu |p01|| and of Pietschmann and Rupertsberger ||203 |. 

Analyses of the shape of the Ds momentum spectrum (Fig. ^) indicates that there is 
a substantial two body component. In model dependent fits the ARGUS and CLEO 1.5 
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FIG. 30. B D^X, D+X, and D*+X momentum spectra in CLEO 1.5 data. The dashed 
curve is the prediction of the phenomenological model of Wirbel and Wu while the solid histogram 
is the prediction of their free quark model 



experiments find two body fractions of (58±7±9)% ||199|| and (56±10)% ||200|1 , respectively. 
CLEO II finds a somewhat smaller two body fraction, 45.7 ± 1.9 ± 3.7 ± 0.6 where the last 
error accounts for the uncertainty due to model dependence in the predictions for the rates 
for the two body modes |^9[. There is no uncertainty in this results from the Dg 07r 
branching fraction. Averaging the results from the three experiments we find a two body 
component of (49.4 ± 4.4)% which leads to B{B D^X (two body)) = (4.8 ± 1.3)%. 
It is important to determine which mechanisms are responsible for the production of the 
remainder, the lower momentum Dg mesons. Two possibilities are external W~ emission 
with W~ cs or W~ — >• ud with ss quark popping. 

Results on inclusive B decay to final states with ip and ip' mesons have been reported 
by CLEO 1.5 ARGUS H] 



and CLEO II [p05|| . Indirect measurements of charmonium 
production have been reported by CDF ||207|| and the LEP experiments ||208|| . Because of 
the large uncertainties in the composition of their data samples, these results have not been 
included in our determination of the world averages listed in Table pCXXIIj . In the most recent 
high statistics analysis from CLEO II, the effect of final state radiation has been taken into 
account |P09|| . This effect leads to a significant tail on the low side of the ip ~^ e~^e~ mass 
peak and a smaller effect in the fi'^fi~ spectrum. Even with a large mass window that extends 
from 2.50 to 3.05 GeV/c^, this effect can modify the calculated detection efficiency by more 
than 10%. Small corrections are also made for non-resonant ip production in the CLEO II 
analysis [ piO|| . The resulting invariant dielectron and dimuon mass distributions are shown 
in Fig. ^ The theoretical predictions for charmonia production in B decay [pl5|J216|J218|| 
will be discussed further in Section PC1E| . 
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TABLE XXX. Multiplicities or branching fractions of light mesons per B meson decay. 



Mode 


CLEO L5 S 


ARGUS il9^ 




(Branching Ratio) 


(Multiphcity) 


B/B TT^ 




3.59 ±0.03 ±0.07 


(not from Kg , A) 






B/B 7r± 




4.11 ±0.03 ±0.08 


(incl. Kg, A) 






B/B 


0.85 ±0.07 ±0.09 


0.78 ±0.02 ±0.03 


B^ K- 


0.66 ±0.05 ±0.07 




B ^ K+ 


0.19 ±0.05 ±0.02 




B/B ^ K^/K^ 


0.63 ± 0.06 ± 0.06 


0.64 ±0.01 ±0.04 


B/B ^ K*^ 




0.146 ±0.016 ±0.020 


B/B ^ K*+ 




0.182 ±0.054 ±0.024 


B/B ^ p° 




0.209 ± 0.042 ± 0.033 


B/B uj 




< 0.41 (90% C.L.) 


B/B ^ /o(975) 




< 0.025 (90% C.L.) 


B/B T] 


0.176 ± 0.011 ± 0.0124 (CLEO II) 




B/B V 




< 0.15 (90% C.L.) 


B/B (j) 


0.023 ± 0.006 ± 0.005 


0.039 ± 0.003 ± 0.004 



The momentum spectrum for B ^ ifj^il)' transitions has been measured (Fig. ^). The two 
body component due to i? ^ ipK and B — > ipK* saturates the spectrum in the momentum 
range between 1.4 and 2.0 GeV. By subtracting the contributions from ip^s originating in 
'?/'' and Xc decays CLEO and ARGUS measure the momentum distribution of the direct 
component shown in Fig. |3^(b). The average branching ratio for direct ip production is 
found to be B{B ip, where ip not from ip') = (0.82 ± 0.08)%. The two body component 



constitutes about 1/3 of direct ip production. 

TABLE XXXI. ip polarization T^/T in inclusive B meson decays. 



ip momentum 


CLEO II [211| 


ARGUS [212| 


< 0.8 GeV/c 


0.55 ±0.35 




0.8 GeV/c <p^< 1.4 GeV/c 


0.49 ± 0.32 




1.4 GeV/c <p^< 2.0 GeV/c 


0.78 ±0.17 


1.17 ±0.17 


all p^ < 2.0 GeV/c 


0.59 ±0.15 





The polarization Tl/T as a function of momentum for B ^ ip transitions has also been 
determined (see Table ^OCXID . According to ARGUS, the ip mesons in the highest momentum 
bin are completely longitudinally polarized. Since the highest momentum bin is dominated 
by two body B decay, the polarization measured in this bin can be used to estimate the 
polarization of 5 — > ipK* after correcting for the contribution of B ipK. Therefore 
the ARGUS result indicates that the B — > tpK* mode is dominated by a single orbital 
angular momentum state and hence by a single CP eigenstate. Integrating over the range of 
kinematically allowed momenta, CLEO measures the average polarization of ip mesons in B 
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FIG. 31. B ^ DgX momentum spectrum in CLEO II data. The solid histogram is the sum 
of the two components. The two dotted histograms indicate the two body components from 
B L>(*)L>i*^~ and B The dash-dotted histo gram shows the contribution of 

the three body process. 



decay to be Fi/r = 0.59 ±0.15. This result is consistent with the longitudinal polarization 
of 54% predicted by Palmer and Stech ||218|| . Using factorization and HQET, M. Wise finds 
significantly more transverse polarization, Tl/T ^ 0.25 in the inclusive process [pl7|] . 

Results on inclusive B Xc^y Xc ~^ 7"^ decays have been reported by ARGUS pi4 | and 
CLEO II [pO5| , pl0|| . ARGUS assumes there is no Xc2 production. CLEO II has significantly 
better Xc mass resolution than ARGUS and allows for both possibilities. The branching ratio 
for Xco — li^ is (6.6 ± 1.8) x 10^^ so the contribution of the Xco meson to the ip'y final state 
can be neglected. CLEO finds evidence at the 2.5 standard deviation level for a i? ^ Xc2 
contribution which would indicate non-factorizable contributions or higher order processes 
0{al) in b CCS |2T§. 

The decay of B mesons to the lightest charmonium state, the 7]^, has not yet been 
observed. A recent CLEO II search placed a upper limit of 0.9% on the process B — > rjcX 



at the 90% confidence level 11205 



Using the results in Table PCXXII , it is possible to isolate the component of B ^ i/j 
production which is due to production of higher charmonium states in B decay and the 
direct component. Similiarly, the direct B Xci component can be determined by removing 
the contribution from B —>■ ip , ip — ^ Xal- It is assumed, that all tp^ mesons are directly 
produced. 

Using the procedures outlined in Section II the results reported by the different exper- 
iments have been rescaled to accommodate the new charm branching ratios. The world 
averages for inclusive B — meson decays are given in Table ^XXTT. 
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FIG. 32. B Charmonium X invariant mass spectra from CLEO II: (a) ip — > e~^e channel 
and (b) ip A*^/^^ channel, (c) "07 ~ ^ mass difference showing the Xci and Xc2 signals. 



C. Inclusive B Decay to Baryons 



Recently CLEO II has reported the observation of B 
E+X 



ARGUS ||219|| and CLEO 1.5 ||220|| have observed inclusive production of p, A, S and the 
charmed A^ baryon. 
E°:X and B - 



225 



2^]. The measured branching ratios for these decays and the 



B 

world averages can be found in Table pCXXII . 

The determination of branching ratios for inclusive B decays to the charmed baryons Ac 
and Ec requires knowledge of B{A^ —>■ pK^n^). However, the uncertainty in this quantity is 
still large as it can only be determined by indirect and somewhat model dependent methods. 

po 



The results given in this review use B{A+ pK--K+) = (4.3 ± 1.0 ± 0.8)% ^2g. For 
modes involving A^ baryons the uncertainty due to the A^ branching ratio scale is listed as 
a separate error. 

The momentum spectrum of -B ^ Ac transitions has been measured by CLEO 1.5 ||220|| 
and ARGUS 



219|| . The result of a recent CLEO II ||225|| measurement is shown in Fig. 



The momentum spectrum is rather soft indicating Sc production or the presence of a signif- 
icant multibody component. Similarly, CLEO II has found that B E^X and B 
decays have no two body contribution. 

In addition to the inclusive branching ratios given above, the experimental data has been 
used in attempts to disentangle which of the baryon production mechanisms shown in Fig. |34 
dominates. CLEO 1.5 |p20|| and ARGUS [pl9|] have investigated baryon correlations in B 



decay in order to elucidate the underlying decay process. We follow the notation of Reference 
p20|| . Let N denote baryons with S = C = (e.g. p, n. A, A^*). Let Y refer to baryons 
with S = -1,C = (e.g. A, S°, S+). Let refer to baryons with S = 0,C =1 [e.g. A+, 



^(+,o,++)j ^ Then the following final states can be used to distinguish possible mechanisms 
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FIG. 33. B Charmonium X momentum spectra in CLEO II data, (a) Inclusive B tpX 
production with contributions from individual decay channels overlaid, (b) Direct B tpX pro- 
duction, (c) B ^'X. 



for baryon production in B decay (Fig. p^). 

1. B ^ Y^NX, B S^FX 

These final states are produced by the usual b —>■ cW~ coupling in a spectator or ex- 
change diagram in conjunction with the popping of two quark pairs from the vacuum 



(as shown in Figs. |34|(a),(b)). It should be noted that the two mechanisms can be dis- 
tinguished by examination of the Yc momentum spectrum, since the exchange diagram 
will produce two body final states (e.g. A^p or ). 

2. B ^ DNNX, B DYYX 

The non-charmed baryon-antibaryon pair is produced from W fragmentation after 
hadronization with two quark-antiquark pairs popped from the vacuum (as shown in 
Figs. |3^(c),(d)). The D meson is formed from the charm spectator quark system. 
If this mechanism is significant, inclusive production of charmless baryon-antibaryon 
pairs should be observed in B decay. 

3. B^ Y,YX, B ^ EXX 

These states are produced by the internal spectator graph with W" — > cs in conjunction 
with the popping of two quark antiquark pairs. Since B{W~ cs)/B(W~ — > all) is 
about 0.15, this mechanism may be suppressed. 

A. B ^ D~Y^NX, B D-E^X 

This is the same as mechanism (1) with W~ —>■ cs. 



The low rates for B — >■ AAX, ApX and D*ppX{see Table pCXXIIl] ) suggest that mech- 



anism (2) is small. The absence of a two body component in the momentum spectra of 
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TABLE XXXIL Branching fractions [%] of inclusive B decays 



Particle 


ARGUS 


CLEO 1.5 


CLEO II 


Average 


D 

_D — 




49.7 ±3.8 ±6.4 ±2.6 


59.7 ±3.2 ±3.6 ±3.1 


63.8 ±1.1 ±2.0 ±1.7 


62.1 ±2.0 ±3.2 


B - 


^ ly— X 


23.0 ±3.0 ±4.4 ±1.5 


24.9 ±3.3 ±2.0 ±1.6 




24.2 ±3.1 ±1.6 


_D — 




26.7 ±2.3 ±4.5 ±1.4 


22.7 ±1.3 ±2.3 ±1.2 




23.5 ±2.3 ±1.2 


B - 


DJ X 


7.9 ±1.1 ±0.8 ±1.9 


8.3 ±1.2 ±2.0 


11.5 ±0.4 ±0.8 ±2.9 


9.8 ±0.6 ±2.4 


iJ — 






2.3 ±0.6 ±0.5 




2.3 ±0.8 


D 

_D — 




1.25 ± 0.19 ± 0.26 


1.31 ±0.12 ±0.27 


1.13 ±0.04 ±0.06 


1.15 ±0.07 


D 

_D — 


(/^^ l^Qirect j 


0.95 ± 0.27 




0.81 ±0.08 


0.82 ±0.08 


_B - 


■+ ip'X 


0.50 ±0.19 ±0.12 


0.36 ±0.09 ±0.13 


0.34 ± 0.04 ± 0.03 


0.35 ± 0.05 


B - 




1.23 ± 0.41 ± 0.29 




0.40 ±0.06 ±0.04 


0.42 ±0.07 


B - 


XciX (direct) 






0.37 ±0.07 


0.37 ±0.07 


B - 


-* Xc2X 






0.25 ±0.10 ±0.03 


0.25 ±0.10 


B - 








< 0.90 (90% C.L.) 


< 0.90 (90% C.L.) 


B - 




8.2 ± 0.5 ± 1.2 


8.0 ± 0.5 ± 0.3 




8.0 ± 0.5 


B - 


■* AX 


in u.u in u.o 


0.0 zn u.^ in u.u 




4 n ^ n ^ 

4i.U ZH U.O 


B - 


-*H+X 


< 0.51 (90% C.L.) 


0.27 ±0.05 ±0.04 




0.27 ±0.06 


B - 


■+ A^X 


7.0 ± 2.8 ± 1.4 ±2.1 


6.3 ± 1.2 ±0.9 ± 1.9 


4.2 ±0.5 ±0.6 ±1.3 


4.7 ±0.7 ±1.4 


B - 


-s^x 






0.53 ±0.19 ±0.16 ±0.16 


0.53 ±0.25 ±0.16 


B - 








< 0.17 (90% C.L.) 


< 0.17 (90% C.L.) 


B - 


-S++X 






0.50 ±0.18 ±0.15 ±0.15 


0.50 ±0.23 ±0.15 


B - 








< 0.12 (90% C.L.) 


< 0.12 (90% C.L.) 


B - 


■^H+X 






1.5 ±0.7 


1.5 ± 0.7 


B - 


.-Ox 






2.4 ± 1.3 


2.4 ± 1.3 



TABLE XXXIIL Branching fractions [%] of inclusive B decays to baryon pairs. 

Mode CLEO L5 ARGUS 

B ^ppX 2.4 ±0.1 ±0.4 2.5 ±0.2 ±0.2 

B ^AAX < 0.5 (90% C.L.) < 0.88 (90% C.L.) 

B ^ Ap X 2.9 ±0.5 ±0.5 2.3 ± 0.4 ± 0.3 

B D*+pp X < 0.35 (90% C.L.) 

B DNN X < 5.2 (90% C.L.) 



B AcX , TicX indicates that the W-exchange mechanism is small. Thus it was thought 
reasonable to assume that B YcNX with an external spectator b cW^ coupling 
(Fig. |3^(a)) is the principal mechanism in B to baryon transitions. 

If B decays to baryons are dominated by -B ^ AcpX and B KjiX then measurements 
of the branching ratios for B — > pX, B ppX can be used to extract the absolute Ac 
pK~iT~^ branching ratio. The CLEO 1.5 measurements give B{Ac pK~Tx^) = 4.3 ± 1.0 ± 
0.8% which can be used to normalize all other measured A^ branching ratios. In a similar 
fashion, ARGUS finds (4.1 ± 2.4)% for this branching ratio. 

An alternate explanation for the absence of a two body component in B decays to baryons 
was recently proposed by Dunietz, Falk and Wise ||221|] . These authors suggested that the 
primary mechanism in such decays is the internal W-emission process b ccs. This might 
lead to two body final states such as 5 — >• AcSc which would account for the softness of the 
Ac momentum spectrum. CLEO has searched for the mechanism suggested by Dunietz et 
al. in a variety of ways. By examining Ac-lepton correlations, it is possible to constrain the 
size of the b ccs component in B baryon decays. The b — > ccs component gives rise to 
opposite sign A+£~ correlations whereas the internal process W-emission process b cud 
gives same sign A^f"*" correlations (Fig. ^(a)). From the ratio of same sign to opposite sign 
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FIG. 34. Decay diagrams for B meson decays to baryons: (a) External spectator diagram (b) 
W Exchange diagram (c) External spectator diagram which produces DNNX and DYYX final 
states (d) Internal spectator diagram which produces DNNX and DYYX final states. 



Ac-lepton yields, CLEO finds h —>■ ccs/b cud = (20 ± 13 ± 4)% for internal W-emission 
processes. This shows that b —>■ ccs, although present, is not the dominant mechanism 
operating in B decays to baryons. 

CLEO II has measured the momentum spectrum separately for A^£~ and A+f"*" 
correlations (Figs. 0(b), (c)). The A^ momentum spectrum is somewhat softer in events 
containing an additional i" tag. This is consistent with the expectation that b —>■ ccs 
transitions produce A^ baryons accompanied by very massive Sc baryon. On the other 
hand, in 6 — cud transitions, the A+ is produced in association with a lighter nucleon or 
nucleon resonance, which should result in a hard A^ momentum spectrum. 

Since the b — >■ ccs mechanism is present, S+ and H° baryons should be produced in 
B — >baryon transitions. However, S° baryons can also be produced from b — > cud transitions 
with ss popping. Naively, one estimates ss popping to be approximately 15% of all qq 



FIG. 35. Baryon production in B meson decay via internal W emission, (a) b cud with qq 
popping, (b) b — > ccs with qq popping. 
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FIG. 36. Momentum spectrum of baryons from B decay (CLEO II). (a) The overlaid 
histograms show the spectra from two components of the internal W-emission process b — > ccs, 
B SgAc, and B — > S^^c- (b)The overlaid histograms are the results of a Monte Carlo study 
assuming multibody + (nvr) final states with different numbers of additional pions. (c) The A^, 
momentum spectrum for events with a A^ in coincidence with a high momentum lepton {£~) tag. 
(d) The Ac momentum spectrum for events with a A^ in coincidence with a high momentum lepton 
tag. 



popping. Thus this mechanism should contribute — ^ i>,tv ~ ^-^^ observed B 

B — > K[.N X 

W- ^cs 

Sc rate. A simple phase space argument gives — ~ 0.30. Combining these two 

_ W~ ud 

contributions, one expects a B ^ 'Ec branching ratio of 0.45 x B{B AcX). Experimentally, 

the sum of the rates for B and -B — 2° decays relative to B AcX is consistent 

with this expectation 

B(B E,X) 

However, the He absolute branching ratio scale is poorly known and the experimental errors 
need to be reduced before any final conclusion can be deduced from this ratio. 

To verify whether the dominant mechanism for baryon production in B decays is the 
external spectator mechanism with b cud as was previously assumed by the CLEO and 
ARGUS analyses, CLEO II has searched for evidence of B ^ AcNiu. This should give rise to 
several distinctive experimental signatures: A-lepton correlations, Ac-lepton correlations, and 
semi-exclusive B A^pi^u production having a massing mass consistent with a B decay. No 
significant signals were observed and limits (at the 90% C.L.) of {B AcNXiu) /{B ^ AcX) 
< 5.7%, {B AcNlv)/{B AcX) < 6%, {B Acpiu)/{B A^X) < 10%, respectively, 
were obtained ||222|| . These limits indicate that the conventional and previously accepted 
picture of baryon production in B decay is incorrect. 

A possible explanation of all the existing data requires the simultaneous presence of 
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FIG. 37. Ac— lepton correlation in B decay (CLEO II). (a) ThepK tt~^ invariant mass spectrum 
for — combinations, (b) The pK^n^ invariant mass spectrum for A^ — i~ combinations. 

several production mechanisms. The internal spectator process b cud followed by uu or 
dd quark popping is dominant. This leads to production of a high mass excited anti-nucleon 
in conjunction with a charmed baryon and accounts for the soft momentum spectrum of 
charmed baryons produced in B decay as well as the absence of i? — > AcNXiu. The internal 
spectator process b — > ccs with quark popping as well as the internal spectator process 
b cud with ss quark popping are also operative at the 10-20% level. The latter two 
mechanisms account for the production of Sc baryons in B decay. 

D. Charm Production in B Decay 

The measurements of inclusive decay rates can be used to test the parton level expectation 
that most B decays proceed via a 6 — > c transition. If we neglect the small contributions 
from b ^ u and penguin transitions, we expect about 1.15 charm quarks to be produced per 
B decay. The additional 15% is due to the fact that the virtual W forms a sc quark pair 
with a probability of approximately 0.15. To verify this expectation we use the experimental 
results listed in Table pCXXll] and determine the charm yield to 

Charm yield = B{B D^X) + B{B D+X) + B{B D^X) 
+ B{B ^ AeX) + B{B ^ S+X) + B{B ^ 
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FIG. 38. Evidence for He production in B decays (CLEO II). (a) Continuum subtracted 
H[! H^vr^ invariant mass distribution, (b) Continuum subtracted H^vr+vr"'" invariant 

mass distribution. 



+ 2 X B{B ^X) + 2 X B{B ^'X) + 2 x B{B xaX) 
+ 2 X B{B Xc2X) + 2 X B{B ri^X (incl. other cc)) 
= 1.10 ±0.06 



The factor of 2 which muhiphes B{B ccX) accounts for the two charm quarks produced 
in 6 — > CCS transitions. Wherever possible the branching fractions for direct production are 
used. The contribution of -B — rj^X and other charmonia is generously taken to be at the 
CLEO 90% confidence level upper limit for the process B r]cX. 

Another interesting quantity is the fraction of B decays in which two charm quarks are 
produced. In a parton level calculation, Palmer and Stech ||218|| find that B{B —>■ Xcc) = 



19 ± 1% where the theoretical error is the uncertainty due to the choice of quark masses. 
This can be compared to the sum of the experimental measurements 

B{B Xce) = B{B DsX) + B{B tpX) + B{B iP'X) 
+ B{B ^ XciX) + B{B Xc2X) + B{B -> S,X) 
+ B{B rjcX (incl. other c)) 
= (15.6 ±2.7)% 



where the direct B ip and B Xci branching fraction have been used. The contribution 
from B is reduced by 1/3 to take into account the fraction that is not produced by 

the b — >• CCS subprocess but by 6 — >• cud + ss quark popping. 

With the addition of these recent experimental results the understanding of baryon pro- 
duction in B decay is improving. In contrast to meson production in B decay, B — > baryon 
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transitions proceed predominantly through the internal W-emission process b cud fol- 
lowed by light quark pair popping. In a parton level calculation with diquark correlation 
taken into account, Palmer and Stech ||218|| have performed a calculation of the total rate 



for inclusive B decay to charmed baryons. They find B{B — >■ charmed baryons) ~ 6%. In 
order to compare this prediction with experimental data, we will assume most B to charmed 
baryon decays proceed through a baryon but correct for the small fraction of He baryons 
produced by 6 cud transitions combined with ss-popping. This gives 

B{B charmed baryons) = B{B ^ A^X) + 1/3 x B{B 2°) 

= (5.5 ± 1.6)% 



TABLE XXXIV. CLEO II results on exclusive branching ratios for B ^baryon transitions |223|. 



B mode 


Events observed 


B [%] 


B° K+p 


< 2.3 


< 4.4 X 10^2 


B^ A+pTT° 


< 2.3 


< 0.076 


B^ A+^vr+TT" 


15.0 ±4.7 


0.187 ± 0.059 ± 0.056 ± 0.045 


B° ^ A+p7r+7r-7r° 


< 11.6 


< 0.76 


B^ A+pvr+Tr^vr+vr" 


< 6.4 


< 0.34 


B~ A'^pTT^ 


< 6.4 


< 0.084 


B^ A+p7r"7r° 


< 8.7 


< 0.36 


B^ AjJ^pvr^vr^vr^ 


< 14.7 


< 0.55 


B^ A^pvr^vr+vr^vr'^ 


< 15.6 


< 2.17 



The experimental result for the charm yield per B decay is consistent with the naive 
expectation that 1.15 charm quarks are produced per b decay. However, it does not support 
a number of proposals which suggest that at least 1.3 quarks should be produced per b 
decay. In these recent theoretical efforts, large charm quark yields are a consequence of 
modifying the heavy quark masses in order to explain the discrepancy between theoretical 
calculations and experimental measurements of the inclusive semileptonic rate, B{B Xlv) 
(see Sectioning) pGj . 



The data are not yet sufficiently precise to convincingly rule out the possibility of a larger 
charm yield. In addition, there are several possible systematic flaws in the computation of 
the yield of charm quarks. The charm meson absolute branching fractions can contribute a 
systematic uncertainty, although the errors from this source have been significantly reduced 
by the recent precise determinations of B{D^ K^n^) |5^ and B{D^ K^-k^-k^). 



However, the absolute branching fraction scales for the Dg meson and A^, baryons are still 
quite uncertain. Since the inclusive branching ratios to these particles are small, a substantial 
change to the branching ratio scale would be required to significantly modify the charm yield. 

There could also be a large contribution to the inclusive rate that has not been measured. 
It has been suggested by Palmer and Stech ||218||, that b ccs followed by cc gluons. 



which in turn hadronize into a final state with no charm, has a large branching ratio. The 
charm content for this mechanism would not be properly taken into account. Another related 
suggestion is that the rate for the hadronic penguin diagram b ^ sg is larger than expected 
121. 
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VII. EXCLUSIVE B DECAY TO BARYONS 



The first exclusive B — >baryon decay has been observed by CLEO II [|223|| . A small 
signal was reconstructed in the mode AcP7r"'"7r~ corresponding to a branching ratio 

of 0.187 ± 0.059 ± 0.056 ± 0.045%. In addition, CLEO II has set limits on other exclusive 
modes which are given in Table pCXXIV. 



VIII. EXCLUSIVE B DECAY TO D MESONS 



A. Measurements of Dirm) Final States 



The decay modes 5° ^ D+n- , 5° D+p-, B' D^ir-, and B' D^p- are 
reconstructed following the procedures outlined in Section 11 A 2| . The beam constrained 
mass distributions from CLEO II are shown in Fig. 11, while the experimental branching 



77° invariant 
< 150 MeV 



ratios are given in Tables pCXXIX] and 

To select B — >■ Dp~ candidates additional requirements are imposed on the tt" 
mass and the p helicity angle. The CLEO II analysis requires |m(7r~7r°) — 770 1 
and |cos0p| > 0.4. For the B — > Dp^ modes there are events which are consistent with 
both B — s> Dp^ and with B D*7r^, followed by D* Dir^. These events are removed 
from the B Dp~ sample using a cut on the D* — D mass difference. By fitting the ir'n^ 
mass spectrum and the helicity angle distribution, CLEO II finds that at least 97.5% of the 



B — > Dn 7r° rate is described by the decay B Dp [ ^28|| . ARGUS also finds that the 



TT mass spectrum is consistent with the dominance of p production. 



B. Measurements of D*{n'K) Final States 

We now consider final states containing a D* meson and one, two or three pions. These 
include the B D*tt' , B —>■ D*p~, and B D*ai decay channels. The results for the 
decays B^ D*+n-, B^ D*+p- and B^ D*+TT-TT-n+ are hsted in Table ^ and the 



results for B' D*^n-, B' D*^p- and B' D*°n-n-n+ are given in Table PCXXIX . 

The CLEO II B^ and B^ signals in the D*tt and D*p decay channels are shown in Fig. 
39|. They find that B — > D*7t~tt^ is saturated by the decay B —>■ D*p~ (Fig. ^ and set a 



tight upper limit of < 9% at 90% C.L. on a possible non-resonant contribution | |229|| . This 
disagrees with an ARGUS analysis that finds about 50% of B^ — > D*^n^n^ decays do not 



contain a p meson |^ 



The CLEO II data suggest that the signal in B ^ D*n~7c~n~^ arises dominantly from 
B — > D*ai. Taking into account the Oi tt^tt^tt^ branching fractions it follows that 
B{B D*a'{) = 2 X B{B D*7r"7r"7r+). In Fig. ET] we show the Mb distributions when 



the vr TT 7r+ invariant mass is required to be in the interval 1.0 < vr tt vr^ < 1.6 GeV. 
Fig. E2| shows a fit to the -k^-k^-k^ mass distributions with contributions from B —>■ D*^ai 



and a -B — s> D*^7i^p^ non-resonant background. The ai meson has been parameterized as 
a Breit-Wigner resonance shape with m^^ = 1182 MeV and Tai = 466 MeV. This fit gives 
an upper limit of 13% on the non-resonant component in this decay. This conclusion differs 
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FIG. 39. Beam constrained mass distributions from CLEO II for: (a) B — ^ D*°7r decays, (b) 
B- D*°p- decays, (c) 5° ^ D*+Tr- decays, and (d) B° D*+p- decays. 



FIG. 40. Resonant substructure for B D*p from CLEO II for: (a) the invariant mass 

spectrum for the B^ D*+7r°7r~ decay mode in data, (b) the tt^tt" invariant mass spectrum for 
the B° Z)*+7r°7r~ decay mode in data. 
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FIG. 41. Beam constrained mass distributions from CLEO II for: (a) B D*°a^ and (b) 



FIG. 42. Resonant substructure of D*^ai from CLEO II: (a) The tt^tt^tt^ invariant 

mass spectrum from a Monte Carlo simulation of B^ — D*'^a^ (b) The 7r~7r'~7r+ invariant mass 
spectrum from Monte Carlo simulation for B^ — D*^{tt~ p^)nr (c) The tt~tt~tt^ mass spectrum 
from data after B mass sideband subtraction. The fit to the sum of (a) and (b) is superimposed. 



84 



FIG. 43. Beam constrained mass distributions from CLEO II for: (a) B D**^ {2^20)11' 
where D**°(2420) ^ D*+tt-, (b) B' L>**°(2460)7r- where L»**°(2460) ^ L>*+7r-, (c) 
B- L'**0(2420)7r-7r0 where L>**0(2420) ^ L>*+7r-, (d) B- L>**0(2460)7r-7r0 where 
L>**0(2460) ^ L>*+7r- 

from CLEO 1.5 which attributed (35 ± 15 ± 8)% of their 0*^71^11^71^ signal to non- 

resonant — > D*~^7i~p^ decays ||2^. ARGUS also finds a significant non-ai component in 
this decay but does not quote a quantitative result P^ . 

The Cabibbo suppressed decay modes such as ^ DK should also be observed and 
studied in the future. These modes, in particular, B^ — ^ D^K^ and B^ — > D^K^ with 
D° — > \fcp > (where \fcp > denotes a CP eigenstate) will be used at B factories to 
constrain one of the three angles of the unitary triangle. 

C. Polarization in S — > D*^p~ Decays 

The sample of fully reconstructed B^ D*~^p~ decays from CLEO II has been used 
to measure the D*~^ and p~ polarizations. By comparing the measured polarizations in 
B^ —>■ D*~^p~ with the expectation from the corresponding semileptonic B decay a test of 
the factorization hypothesis can be performed (see Sec. pCl B| ) . The polarization is obtained 
from the distributions of the helicity angles 6p and Od*. The D*^ helicity angle, Qd*, is 
the angle between the direction in the D*~^ rest frame and the D*~^ direction in the rest 
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FIG. 44. Angular distributions (efficiency corrected) from CLEO II for (a) the helicity angle 
from D*^ Z)°7r+ in D*~^p~ and (b)the heficity angle from p~ 7r~7r° in —^ D*~^p~ 

(c) the heficity angle from D^7r~^ in B^ £)*+7r~ 



frame of the B meson. After integration over the angle between the normals to the D*"*" 
and the p~ decay planes, the helicity angle distribution can be expressed as 



1 



dcos ©£)*dCOS Or 



oc - sin' Gfl. sin' ©pd^+il + l^-il ) + cos' 9^^* cos' QplHo 



(16) 



where are the amphtudes for the various possible D* helicity states. The fraction of 
longitudinal polarization is defined by 



r 





Ho 
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1^+1 


2 + 
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2 + 


Ho 


2 



:i7) 



If Fi is large both the D*'^ and the p~ helicity angles will follow a cos^ © distribution, whereas 
a large transverse polarization. Ft, gives a sin^ © distribution for both helicity angles. 

To measure the polarization the helicity angle distributions in the B signal region are cor- 
rected by subtracting the distributions from a properly scaled mass sideband. The resulting 
helicity angle distributions, corrected for efficiency, are fitted to the functional form: 



dV 
dcosQ 



N 



cos'© + -^(1-3 cos'©) 

2 r 



(18) 
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FIG. 45. Beam constrained mass distributions for D'^*^+Dr from CLEO II. 



This form is derived from the angular distribution given above. It is well behaved for large 
longitudinal polarization. From the fit to the D*~^ helicity angle distribution, they find 
r^/r = (85 ± 8)%, while a fit to the p helicity angle distribution gives Tl/T = (97 ± 8)%. 
The results of the fit are shown in Fig. ^(a) and (b). As a consistency check they have 
verified that the D*"*" mesons in — > D*~^7r~ are completely longitudinally polarized, as 
expected from angular momentum conservation (Fig. |4^(c)). 

The statistical errors can be reduced by taking advantage of the correlation between the 
two helicity angles. An unbinned two dimensional likelihood fit to the joint (cos 0/)*, cos Op) 
distribution gives 

{Tl/T)bo^j,.+^- = 93±5±5% (19) 



D. Measurements of D** Final States 

In addition to the production of D and D* mesons, the charm quark and spectator 
antiquark can hadronize as a D** meson. The D**^{24Q0) has been observed experimentally 
and identified as the J'^ = 2^ state, while the Z)**°(2420) has been identified as the 1"*" state. 
These states have full widths of approximately 20 MeV. Two other states, a 0"*" and another 
l"*" are predicted but have not yet been observed, presumably because of their large intrinsic 
widths. There is evidence for D** production in semileptonic B decays ||231[| , and D** mesons 



have also been seen in hadronic decays. However, early experiments did not have sufficient 
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FIG. 46. Beam constrained mass distributions for B D 

(*)o^(*) fj.Q^^ CLEO II. 



data to separate the two narrow D** states and hence reported branching ratios only for the 
combination of the two (see results listed under B Dy^ in Tables |XXXlX| - |XLT1| ) . 



In order to search for D** mesons from B decays the final states B^ D*^ti^ti^ and 
B^ — > Z}*+7r"7r~7r° are studied. These decay modes are not expected to occur via a spectator 
diagram in which the c quark and the spectator antiquark form a D* rather than a D** meson. 
The D*^ is combined with a tt" to form a D** candidate. If the D** candidate is within one 
full width of the nominal mass of either a D**°(2420) or a £)**°(2460), it is combined with 
a 7r~ or p~ to form a B~ candidate. CLEO II has also looked for D** production in the 
channels B' D+tt~tt- and B^ D^Tr-TT+. Since D**°(2420) Dn is forbidden, only 
the D**°(2460) is searched for in the Dtiti final state. 

Fig. ^ shows candidate B mass distributions obtained by CLEO II for the four com- 
binations of L>**°(2460) or L)**°(2420), and tt" or p- . In the D**°(2420)7r- mode, there is 
a significant signal of 8.5 events on a background of 1.5 events. In this channel CLEO II 
quotes the branching ratio given in Table pCJK.JK.LK.|, while for the other three channels, they 



give upper limits. ARGUS has also found evidence for B D** {2A20)n~ using a partial 
reconstruction technique in which they observe a fast and slow pion from the D** decay but 
do not reconstruct the meson ||230|| . 

Other final states with higher pion multiplicities should be systematically studied in the 
future. For example, due to the large combinatorial background, there is little information 
available on i? — * D^*^TnnnT. 
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TABLE XXXV. Dg decay channels used to reconstruct B DDs decays. 



ARGUS 11 


CLEO 1.5 |232| 


CLEO II 




Dt- 




Dt- 




D+ (/)7r+7rO 






Dt- 




D'^ (/)7r+7r+7r~ 










D+ KsK+ 


Dt- 




Dt- 




D+ KsK*+ 










D+ K*^K+ 


Dt- 




Dt- 


K*^K+ 




Dt- 




Dt- 
Dt- 


rjTT^ 



D+ i-K+ 



E. Exclusive Decays to D and Dg Mesons 

Another important class of modes are decays to two charmed mesons. As shown in Fig. 
|1] (a) the production of an isolated pair of charmed mesons (-D^*-* and D^*^) proceeds through 
a Cabibbo favored spectator diagram in which the sc pair from the virtual W~ hadronizes 
into a D~ or a D*~ meson and the remaining spectator quark and the c quark form a 
D'^*'> meson. These modes have been observed by the CLEO 1.5 [|232|| , ARGUS |Q and 



CLEO II experiments. The decay channels listed in Table |XXXV| are used to form Ds 
meson candidates. B mesons are then reconstructed in eight decay modes: D~D~^, DjD^, 



D*-D+, D*-D^, D-D*+, D-D*^, D*-D*+, and D*-D*^ (See figs. The sum of the 

exclusive modes, averaged over B- and 5° decays, is 4.93 ± 0.72%. This can be compared 
to the branching fraction of the two body component found in the fit to the inclusive Dg 
momentum spectrum of 4.5±1.2. The error is dominated by the uncertainty in B{Ds 07r). 
The remaining contribution to the inclusive production of Dg mesons must be due to the 
decay modes B D**D^*\ B (nvr) or D^;^Dti. 

Partial reconstruction techniques are also being investigated to improve the size of the 
signals in i? ^ D^*^D^*'^'^. Larger samples not only reduce the statistical error in the 
branching ratio measurements but will also allow the polarization in i? ^ D*D*'^ decays to 
be determined. Comparsion of the yield in partially reconstructed and fully reconstructed 
B events will also give a model independent measurement of B{Ds — > 07r+) 

which sets the scale for the Dg branching fractions. Branching fractions and background 
levels for CP eigenstates such as B^ [)(*)+ [){*)- ^[\\ also be studied. 



IX. COLOR SUPPRESSED B DECAY 

A. Exclusive B Decays to Charmonium 

In B decays to charmonium the c quark from the b combines with a c quark from the 
virtual W" to form a charmonium state. This process is described by the color suppressed 
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FIG. 47. Beam-constrained mass from CLEO II for: (a) B ipK~ , (b) 5° ipK^, (c) 
B- tpK*-, (d) ^0 ^ TpK*^, (e) ^ V'^", (f) 5° ^ (g) ^ ^p'K*-, and (h) 

5° ^ 



diagram shown in Fig. [l|(b). By comparing i? meson decays to different final states with 
charmonium mesons the dynamics of this decay mechanism can be investigated. 

The decay modes B'^ ipK^ and — ip'K^ are of special interest since the final states 
are CP eigenstates. These decays are of great importance for the investigation of one of the 
three CP violating angles accessible to study in B decays. It is also possible to use the decay 
B^ ipK*^, K*^ K^TT^ which has a somewhat higher branching ratio, but this final state 
consists of a mixture of CP eigenstates. It has even CP if the orbital angular momentum 
L is or 2 and odd CP for L=l. If both CP states are present the CP asymmetry will 
be diluted. A measurement of CP violation in this channel is only possible if one of the 
CP states dominates, or if a detailed moments analysis of the various decay components is 
performed [p34|] . Recent measurements of the polarization in the decay B^ — > ipK*'^ allow 
us to determine the fractions of the two CP states. 

B meson candidates are formed by combining a charmonium and a strange meson can- 
didate. CLEO 1.5 and ARGUS have observed signals for some of these modes. Using the 
procedures outlined in Sec. [II A2| the beam constrained mass distributions shown in Fig. ^ 
are obtained by CLEO II. CLEO II has also reported a signal in the Cabibbo suppressed 
decay B^ V^tt^, The branching ratios are listed in Tables PCXXIX and PCL| . Recently, 
CDF has reported signals for B — > ipK*^ and B —>■ ipK' (see Fig. ^ and measurements 
of polarization in i? — >■ ipK* decays ||213|| . Averaging over B~ and B^ decays we determine 
the sum of the exclusive two-body decays to B{B ip K{K*, vr)) = 0.258 ± 0.030% and 
B{B ip'K{K*, tt)) = 0.22±0.09%. The first results represents about 1/4 of the inclusive 
rate for direct B ^ ip production. The experimental investigation of the remaining fraction 
is important, since any additional quasi-two body channel open to B ^ ip transitions could 
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FIG. 48. Distributions of the efficiency corrected ip and K* helicity angles in B ^ ipK* decays 
from CLEO II. The overlaid smooth curves are projections of the unbinned maximum likelihood 
fit described in the text. 



be useful for future studies of CP violation, Lower momentum ijj mesons could originate from 
multibody final states or from two body decays involving heavier K^*^ resonances. 

Evidence for the decay mode B —>■ XaK has been reported by CLEO II ||21CI|J3^ and 
ARGUS H. The average branching fraction is B{B- XcK') = (0.104 ± 0.040)%. The 
CLEO II collaboration has also placed upper hmits on XciK^ and XciK* production in B 
decay. 



B. Polarization in — > ipK* 

The polarization in i? — > ipK* is studied using the methods described for the B^ —>■ D*^p~ 
polarization measurement in Section [VIII C| . After integration over the azimuthal angle 



between the ip and the K* decay planes, the angular distribution in B ^ ipK* decays can 
be written as 



(PV 1 

oc 7sin^ei^.(l + cos^e^,)(l^+iP + l^-iH + cos^Qi^* sin^e^|ifo| , 



(icosB^cicos Qk* 



(20) 



where the K* helicity angle 6^-* is the angle between the kaon direction in the K* rest frame 
and the K* direction in the B rest frame and is the corresponding ip helicity angle, and 
H±ifi are the helicity amplitudes. The fraction of longitudinal polarization in 5 — > ipK* 
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TABLE XXXVI. Upper limits (90% C.L) on color suppressed B decays. 



Decay Mode 


Events 


U. L. (%) 


5° - 


-^DOttO 


< 20.7 


< 0.048 


BO - 


DOpO 

r 


< 19.0 


< 0.055 




nOn 


< 9.5 


< 0.068 


BO - 


^DOri 






BO - 


^DOcu 


< 12.7 


< 0.063 


BO - 


D*OTrO 


< 11.0 


< 0.097 


BO - 


D*OpO 


< 8.1 


< 0.117 


BO - 


D*Or] 


< 2.3 


< 0.069 


BO - 


-> D*Or]' 


< 2.3 


< 0.27 


BO - 


-> D*Ooj 


< 9.0 


< 0.21 



TABLE XXXVIL Upper limits on ratios of branching fractions for color suppressed to normal- 
ization modes. 



Ratio of Branching 


Ratios 


CLEO II (90% C.L.) 


B{BO - 


DOttO)/B{B- 


^ DOtt-) 


< 0.09 


B{BO - 


DOpO)/B{B- 


- DOp-) 


< 0.05 


B{BO - 


DOr])/B{B- 


^ DOtt-) 


< 0.12 


B{BO - 


DOri')/B{B- 


^ DOtt-) 


< 0.16 


B{BO - 


DOuj)/B{B- 


- DOp-) 


< 0.05 


B{BO - 


D*OttO)/B{B- 


^ D*07r-) 


< 0.20 


B{BO - 


> D*OpO)/B{B- 


^ D*Op-) 


< 0.07 


B{BO - 


-> D*Or])/B{B- 


^ D*Ott-) 


< 0.14 


B{BO - 


> D*Ori)/B{B- 


^ D*OTr-) 


< 0.54 


B{BO - 


^ D*Ou)/B{B- 


^ D*Op-) 


< 0.09 



is determined by an unbinned fit to the ijj and K* hehcity angle distributions. The results 
obtained by the CLEO II, ARGUS and CDF collaborations are listed in Table pCXXVITT[ The 
efficiency corrected distributions in each of the helicity angles cos 0^ and cos Qk* are shown 
in Fig. ^ (CLEO II). Assuming that the systematic errors from the various experiments are 
uncorrelated, these three results can be averaged to obtain 

p 

= 0.78 ±0.07 (21) 

Although the decay mode B ipK* may not be completely polarized, it is still dominated 
by a single CP eigenstate. This mode will therefore be useful for measurements of CP 
violation. 



C. Exclusive Decays to a dO^*^ and a Neutral Meson. 

We now discuss searches for B decays which can occur via an internal W-emission graph 
but which do not yield charmonium mesons in the final state. Naively, one expects that 
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TABLE XXXVIII. Longitudinal polarization of ip mesons from B ipK* decays. 



Experiment 



CLEO II 0.80 ± 0.08 ± 0.05 



ARGUS pl2i 0.97 ±0.16 ±0.15 



CDF gT| 0.66±0.10;[i:g^ 

Average 0.78 ± 0.07 



these decays will be suppressed relative to decays which occur via the external W-emission 
graph. For the internal graph, in the absence of gluons, the colors of the quarks from the 
virtual W must match the colors of the c quark and the accompanying spectator antiquark. 
In this simple picture, one expects that the suppression factor should be 1/18 in rate for 
decays involving vr", p° and uj mesons ||243|| . In heavy quark decays the effects of gluons 



cannot be neglected, and QCD based calculations ||235|| predict suppression factors of order 
1/50. If color suppressed B decay modes are not greatly suppressed then these modes could 
also be useful for CP violation studies ||244 |. 

CLEO II has searched for color suppressed decay modes of B mesons which contain a 
single or D*^ meson in the final state ||245|| . The relevant color suppressed modes are 



listed in Table pCXXVl] . The decay channels used are t] 77, u tt+tt tt' 



and r] 



TT 



77 [p46|] ■ For decays of a pseudoscalar meson into a final state containing 



followed by 77 

a pseudoscalar and a vector meson (V), a helicity angle cut of | cosGy 



> 0.4 is used 



No signals were observed. Upper limits ||249|| on the branching ratios for color suppressed 
modes are given in Table pCXXV4 Upper limits on the ratios of color suppressed modes 
to normalization modes are given in Table PCXXVII . 
suppression of these B decay modes. 



These limits show that there is color 
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TABLE XXXIX. 5" 


Branching fractions [%] 




Mode 


ARGUS 


GLEO 1.5 


CLEO II 


JD 


> J-J l\ 


0.22 ±0.09 ±0.06 ±0.01 


0.56 ± 0.08 ± 0.05 ± 0.02 


0.53 ± 0.04 ± 0.05 ± 0.02 


R~ 

U 


u p 


1.41 ± 0.43 ± 0.39 ± 0.06 




1.31 ±0.12 ±0.14 ±0.04 


B~ 


~ -Ly ji ji /I 




1.24 ±0.31 ±0.14 ±0.05 




JD 


f U 71 


0.38 ±0.13 ±0.10 ±0.02 


1.00 ±0.25 ±0.18 ±0.04 


0.49 ± 0.07 ± 0.06 


±3 


u p 


0.94 ± 0.56 ± 0.35 ± 0.04 




1.59 ± 0.20 ± 0.26 ± 0.05 


B 




0.13 ± 0.06 ± 0.03 ± 0.01 


0.13 ±0.07 ±0.01 ±0.01 




B 


7-1*+ — — 


1.64 ±0.64 ±0.37 ±0.07 






B 


-^Dy p- 


32 ± 19 ± 07 ± 01 






B~ 








92 ± 20 ± 17 ± 01 


B~ 








1 83 ± 39 ± 33 ± 02 


B~ 


— ^ V^TT TT 






< 14 (90% C L ) 


B~ 


D*+TT~Tr~ 


24 ± 13 ± 05 ± 01 


< 37 f90% C L ) 


18 ± 07 ± 03 ± 01 


B~ 


D**0(2420)7r~ 


0.30 ± 0.08 ± 0.06 ± 0.01 




0.11 ± 0.05 ± 0.02 ± 0.01 


B~ 


_^ D**0(2420)p~ 






< 13 f90% C L ) 


B~ 


—>■ D**"(2460)7r 






< 13 f90% C L ) 


B" 


_^ £)**o^2460)/9~ 






< 45 f90% C L ) 


B- 




1.69 ± 0.85 ± 0.27 ± 0.41 


1.66 ± 0.70 ± 0.13 ± 0.40 


1.11 ± 0.20 ± 0.23 ± 0.28 


B- 


^ D^D*- 


1.13 ± 0.85 ± 0.20 ± 0.27 




79 ± 25 ± 15 ± 19 


B 


D*^D- 


0.79 ±0.55 ±0.11 ±0.19 




1.27 ±0.39 ±0.32 ±0.31 


B- 




1.89 ±0.98 ±0.28 ±0.46 




2.82 ± 0.80 ± 0.59 ± 0.68 


B- 




0.08 ± 0.04 ± 0.01 


0.09 ± 0.02 ± 0.02 


0.110 ±0.015 ±0.009 


B- 


i)'K- 


0.20 ± 0.09 ± 0.04 


< 0.05 (90% C.L.) 


0.061 ± 0.023 ± 0.009 


B- 




0.19 ±0.13 ±0.03 


0.15 ±0.11 ±0.03 


0.178 ±0.051 ±0.023 


B- 




< 0.53 (90% C.L.) 


< 0.38 (90% C.L.) 


< 0.30 (90% C.L.) 


B- 


— > ll}K~'K'^'K~ 


< 0.19 (90% C.L.) 


0.14 ±0.07 ±0.03 




B- 


— ^ tp'K^'TT'^'IT'' 


0.21 ±0.12 ±0.04 






B- 


^ XciK- 


0.22 ±0.15 ±0.07 




0.097 ± 0.040 ± 0.009 


B- 


^ XciK*- 






< 0.21 (90% C.L.) 


B- 


— > ■i/'TT" 






0.0047 ± 0.0024 ± 0.0004 
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TABLE XL. Branching fractions in 



Mode 



ARGUS 



CLEO L5 



CLEO II 



B^ 
^0 
5° 
B^ 
5° 
B^ 
B^ 
B^ 
B^ 
B^ 
B^ 
5° 
5° 
B^ 
B^ 
B^ 
BO 
SO 
B^ 
B^ 
BO 
BO 



D+TT- 

D+p- 

D'^7r~7r~7r''" 
D*+7r- 

£>0;r+7r- 

L'**+(2460)7r- 

L»**+(2460)p- 

D+DJ 

D+D*- 

D*+D- 

D*+D*- 

V'TfO 



0.48 ±0.11 ±0.08 ±0.03 
0.90 ±0.50 ±0.27 ±0.06 

0.25 ±0.08 ±0.03 ±0.01 
0.64 ±0.27 ±0.25 ±0.03 
1.09 ±0.27 ±0.32 ±0.04 



0.27 ±0.06 ±0.03 ±0.02 

0.81 ± 0.21 ± 0.09 ± 0.05 

0.45 ±0.11 ±0.05 ±0.02 
2.13 ± 0.90 ± 1.24 ±0.09 
1.77 ±0.31 ±0.30 ±0.07 



1.05 ± 0.80 ± 0.35 ± 0.26 
1.67 ± 1.05 ±0.52 ±0.41 
0.83 ± 0.59 ± 0.11 ± 0.20 
1.54 ±0.83 ±0.24 ±0.37 
0.09 ± 0.07 ± 0.02 

< 0.30 (90% C.L.) 
0.13 ± 0.06 ± 0.02 

< 0.25 (90% C.L.) 

< 0.11 (90% C.L.) 



0.54 ±0.31 ±0.03 ±0.13 

1.17 ±0.66 ±0.09 ±0.28 

0.07 ± 0.04 ± 0.02 
< 0.16 (90% C.L.) 
0.13 ± 0.06 ± 0.03 
0.15 ± 0.09 ± 0.03 
0.12 ± 0.05 ± 0.03 



0.29 ± 0.04 ± 0.03 ± 0.02 
0.81 ±0.11 ±0.12 ±0.05 

0.25 ±0.03 ±0.04 ±0.01 
0.70 ±0.09 ±0.13 ±0.02 
0.61 ±0.10 ±0.11 ±0.02 
1.22 ±0.19 ±0.22 ±0.04 

< 0.16 (90% C.L.) 

< 0.21 (90% C.L.) 

< 0.47 (90% C.L.) 

0.82 ±0.23 ±0.19 ±0.20 
0.95 ±0.33 ±0.21 ±0.23 
0.85 ±0.21 ±0.15 ±0.21 
1.85 ± 0.46 ± 0.33 ± 0.45 
0.075 ± 0.024 ± 0.008 

< 0.08 (90% C.L.) 
0.169 ± 0.031 ± 0.018 

< 0.19 (90% C.L.) 



< 0.27 (90% C.L.) 

< 0.21 (90% C.L.) 

< 0.0069 (90% C.L.) 



95 



TABLE XLI. World average B branching fractions [%] 

M(xi(; Braucliiug Fraclioii 

B- D^TT- 0.48 ± 0.05 ± 0.02 

B-^D°p- 1.32 ±0.17 ±0.05 

B- ^ D^TT+TT-TT- 1.24 ±0.34 ±0.05 

B- D*°Tr- 0.50 ± 0.08 ± 0.02 

B- D*°p- 1.47 ± 0.29 ± 0.06 

B- £>W0^- Q J3 ^ Q Q5 ^ Q 

B- ^ D*+7r-7r-TT^ 1.64 ± 0.73 ± 0.07 

B D^j^^p- 0.32 ± 0.20 ± 0.01 

B- D*07r-7r-7r+ 0.92 ± 0.26 ± 0.04 

B- D*^a^ 1.83 ± 0.51 ± 0.07 

B- D+TT-TT- < 0.14 (90% C.L.) 

B- ^ D*+TT-Tr- 0.19 ±0.06 ±0.01 

B- ^ D**^{2420)tt~ 0.15 ±0.05 ±0.01 

B- D**%2420)p- < 0.13 (90% C.L.) 

B- ^ D**0(2460)7r- < 0.13 (90% C.L.) 

B- D**^{2A60)p- < 0.45 (90% C.L.) 

B-^D^D- 1.24 ±0.27 ±0.30 

B- D^D*- 0.83 ± 0.28 ± 0.20 

B D*^D- 1.06 ± 0.38 ± 0.26 

B-^D*^D*- 2.37 ±0.71 ±0.58 

B- ipK- 0.102 ± 0.014 

B- fK- 0.070 ± 0.024 

B-^^pK*^ 0.174 ±0.047 

B- iP'K*- < 0.30 (90% C.L.) 

B- tpK-TT+TT- 0.140 ± 0.078 

B- i/j'K-Tr+Tr- 0.207 ± 0.127 

B-^XciK- 0.104 ±0.040 

B- XciK*- < 0.21 (90% C.L.) 

B- Vtt" 0.0047 ± 0.0024 



96 



TABLE XLII. World average branching fractions [%] 



MnHp 






n QO _|_ n (-14 _i_ n no 


-D > U p 


u.oz It u.io It u.uo 


RO , 7-)+-7r~-7r~-7r+ 


u.oi It u.zo It u.uo 


ro ^ n*+-7r- 


yj.^t It u.u^ It u.ui 


ro ^ n*+n~ 


n7n_|_n-|c:_|_nnQ 
u. lU It u.±tj It u.uo 


RO _x n*+7r-7r~'7r+ 


f) 77 _|_ n 1 Q _|_ n fiQ 


ro _^ r)*+/7- 


1 22 + f) 2Q + f) (15 




< 0.16 (90% C.L.) 


BO ^ D**+(2460)7r- 


< 0.21 (90% C.L.) 


^0 ^ D**+(2460)p- 


< 0.47 (90% C.L.) 




0.71 lb 0.21 lb 0.17 


^ D+D*- 


1.02 lb 0.37 lb 0.25 


BO ^ D*+D- 


0.88 lb 0.22 lb 0.21 


B^ D*+D*- 


1.75 lb 0.47 lb 0.43 


B^ tPK^ 


0.075 lb 0.021 


BO ^ ^'i^o 


< 0.08 (90% C.L.) 




0.153 ± 0.028 




0.151 ±0.091 




0.117 lb 0.058 




< 0.11 (90% C.L.) 




< 0.27 (90% C.L.) 


SO ^ XciK*^ 


< 0.21 (90% C.L.) 


B^ Vtt" 


< 0.007 (90% C.L.) 
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X. THEORETICAL INTERPRETATION OF HADRONIC B DECAY 



A. Introduction 



The simple spectator diagram for two-body hadronic B meson decays that occur through 
c transition is described by the Hamiltonian |P50|| : 



the CKM favored b 



H = -^V,,{[{du) + {sc)] (cb)} 



(22) 



where (g^gj) = gj7^(l — 75)?^, Gp is the Fermi couphng constant, and Vcb is the CKM matrix 
element. 

The spectator diagram is modified by hard gluon exchange between the initial and final 
quark lines. The effect of these exchanges can be taken into account by use of the renormal- 
ization group, with the result that the original Hamiltonian of equation (^2]) is replaced by 
one which now contains two pieces, the original term multiplied by a coefficient Ci(/x), and 
an additional term multiplied by C2(/i): 



eff = -^ch {ci(yu) [du) + (sc) (c6) + C2(/i) {cu){db) + {cc){sb) } 



(23) 



The Cj are Wilson coefficients that can be calculated from QCD. However, the calculation is 
inherently uncertain because it is unclear at what mass scale, /i, these coefficients should be 



evaluated. The usual scale is taken to be fi 



Defining 



C±(/i) = Ci(/i) ± C2(/i) 



(24) 



the leading-log approximation gives ||235| 



c±(^) 



(33 - 2nf) 



(25) 



where 7_ = — 27_|_ = 2, and Uf is the number of active flavors, which is taken to be five in 
this case. 

The additional term in the Hamiltonian in Eq. ([23| ) corresponds to the "color suppressed" 
diagram. The quark pairings in this diagram are different from those in the spectator di- 
agram, and lead to the decay modes discussed in section |X[ From the observation of the 
B — >■ i/jXs decays, where Xg is a strange meson, the magnitude of the color-suppressed term 
can be deduced. In B~ decays, both spectator and color-suppressed diagrams are present 
and can interfere. By comparing the rates for B^ and B^ decays, both the size and the 
relative sign of the color-suppressed term can be determined (see Sec. Xll B ). 

For comparisons between theoretical models and data we will use the following values for 
couplings and lifetimes: 



\Vcb\ = 0.0386 ±0.0027 

\Vub\ 



(26) 



IK 



0.073 ±0.011 ±0.010 



cb\ 
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T% = (1.621 ± 0.067) ps 
= (1.646 ±0.063) ps 
<tb> = (1.634 ±0.046) ps 



< tb > is the average lifetime for a sample consisting of equal numbers of B and mesons 



B. Factorization 

Factorization is the assumption that two body hadronic decays of B mesons can be 
expressed as the product of two independent hadronic currents, one describing the formation 
of a meson from the converted b quark and the hght spectator quark, and the other describing 
the production of a meson by the hadronization of the virtual W~ . This description is 
expected to be vahd for the external spectator decays where the large energy carried by the 



W causes the products of the W to be well separated from the spectator quark system [13 



| 251| . It has also been used to calculate color-suppressed and penguin diagrams, although it 



is not known whether factorization is a correct assumption for these diagrams. 

There are number of tests of the factorization hypothesis that can be made by comparing 
rates and polarizations for semileptonic and hadronic B decays. These will be discussed in 
section 0. If factorization holds, then measurements of hadronic B decays can be compared 
to the theoretical models, and used to extract fundamental parameters of the Standard 
Model. For instance the CKM matrix element iV^^bl could be obtained from B'^ vr+vr" or 
B'^ — s> D^TT^, and the decay constant fo^ could be determined from B^ — > D^D*^. 



C. Phenomenological Models of Hadronic B Decay 

Several groups have developed models of hadronic B decays based on the factorization 
approach. To compute rates for all hadronic B decays the magnitude and sign of the color 
amplitude must also be known. It is difficult to calculate this amplitude from first principles 
in QCD. Instead a phenomenological approach was adopted by Bauer, Stech and Wirbel 
p52|| , in which two undetermined coefficients were assigned to the effective charged current. 



ai, and the effective neutral current, 02, parts of the B decay Hamiltonian. In reference p52 | 
these coefficients were determined from a fit to a subset of the experimental data on charm 
decays. The values of ai and 02 can be related to the QCD coefficients ci and C2 by 

ai = ci ± ^C2, a2 = C2 + Cci (27) 

where ^ = 1/A^coior- The values 

ai = 1.26, a2 = -0.51 (28) 
that give the best fit to the experimental data on charm decay correspond to l/A^^coior ~ 



235|| . However, there is no convincing theoretical justification for this choice of iVcoior- In 



section XII B we will discuss the experimental determination of the values of ai and 02 from 



a fit to the B meson decay data. 
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D. Heavy Quark Effective Theory 



The evaluation of amplitudes for hadronic decays requires not only the assumption of 
factorization, but also the input of hadronic form factors and meson decay constants. As 
a result of the development of HQET it is now believed that many of the hadronic form 
factors for 6 ^ c transitions can be calculated quite well in an essentially model-independent 
way. This has been done by several groups ||235|| , ||254|| . The comparison of these theoretical 
predictions with the experimental results can be used to test the range of validity of HQET, 
and the extent to which l/Mg corrections to the heavy quark symmetry are needed. 



XI. TESTS OF THE FACTORIZATION HYPOTHESIS 

A. Branching Ratio Tests 

The large samples of reconstructed hadronic B decays have made possible the precise 
measurements of branching ratios discussed in section |VIII . As an example of the use of these 



results to test the factorization hypothesis we will consider the specific case of D*^n . 

The amplitude for this reaction is 

A = ^V^,V:,{7r~\{du)\0){D*^\{-cb)\B0). (29) 

The CKM factor \ Vud\ arises from the W~ — > ud vertex. The first hadron current that creates 
the 7r~ from the vacuum is related to the pion decay constant, by: 

{n-{p)\{du)\0) = -iUp,. (30) 

The other hadron current can be found from the semileptonic decay B'^ D*^i~i7i. Here 
the amplitude is the product of a lepton current and the hadron current that we seek to insert 
in Eq. (E^). Factorization can be tested experimentally by verifying whether the relation 



TT 



dq 



Qn'cif^lVudW (31) 



is satisfied. Here is the four momentum transfer from the B meson to the D* meson. 
Since is also the mass of the lepton-neutrino system, by setting = = 0.019 GeV^ we 
are requiring that the lepton-neutrino system has the same kinematic properties as does the 
pion in the hadronic decay. Vud and have well measured values of 0.975 and 131.7 MeV 
respectively. For the coefficient ci we will use the value 1.12 ±0.1 deduced from perturbative 
QCD ||255||. The error in ci reflects the uncertainty in the mass scale at which the coefficient 



Ci should be evaluated. In the original test of equation (0), Bortoletto and Stone ||256 
found that the equation was satisfied for ci=l. In the following discussion we will denote 
the left hand side of Eq. (^) by Rexp and the right hand side by Rrheo- 

This type of factorization test can be extended to larger values by using other B^ — > 
D*+X~ decays, e.g. X~ = p~ or aj". For the p~ case Eq. ([3T| ) becomes: 
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where the semileptonic decay is evaluated at 



0.60 GeV^. The decay constant 



on the right hand side of this equation can be determined from e e p which gives 
fp = 215 ± 4 MeV. A second method uses the relation V{t- up-) = 0.804^| V^f^jM^/^, 
where the p width has been taken into account ||257|| . This gives fp = 212.0 ± 5.3 MeV |p58|| . 



D*+a^ we use = 205 ± 16 MeV [M determined 



For the factorization test with 
from r decay. 

To derive numerical predictions for the left hand side of equation (PT|), we must interpolate 
the observed differential distribution ||262|| for B —>■ D*i v to q^ = m^, m^, and wi^^, 
respectively. Until this distribution is measured more precisely we have to use theoretical 
models to perform this interpolation. The dV /dq^ distribution obtained in a recent CLEO II 
analysis is shown in Fig. The solid and dashed lines represent fits to different models. 
The differences between the extrapolations using models for B — > D*^ v are small, on the 
order of 10-20%. The measurement of this differential distribution from CLEO II can be 
combined with the earlier results from the ARGUS and CLEO 1.5 experiments p56| , |260|| . 
The values of dV /dq'^{B D*ii>) used for the factorization test are given in Table pCLIII . 
The statistical and systematic errors have been combined in quadrature; the uncertainty due 
to the branching ratios cancels in the ratio. Using the information listed in Table pCLIU 



TABLE XLIIL Ingredients for Factorization Tests. 





|Cl| 






u 






fp 


















D*e V 






D*i V 


)\q'^=m'^ 


D*i u) 






D*£ u) 






D*i v) 





1.12 ±0.1 
131.74 ±0.15 MeV 
215 ± 4 MeV 
205 ± 16 MeV 
0.9744 ± 0.0010 
(0.237 ± 0.026) X 10"^ GeV^^ 
(0.250 ± 0.030) X 10-2 GeV-2 
(0.335 ± 0.033) X 10"^ GeV'^ 
(0.483 ± 0.033) X 10"^ GeV'^ 
(0.507 ± 0.035) X 10-2 QeV'^ 



we obtain from Eqs. (0) and (|3^) the results given in Table pCLIV] . Some of the systematic 



TABLE XLIV. Comparison of Rexp and Rxheo 






Rexp (GeV2) 


RTheo (GeV2 




D*+-K- 


1.14 ±0.21 


1.22 ±0.15 




-> D*+p- 


2.80 ± 0.69 


3.26 ±0.42 


B^- 




3.6 ±0.9 


3.0 ±0.50 



uncertainties in Rexp cancel if we form ratios of branching fractions, as does the QCD 
coefficient ci in Rrheo- Thus in the case of D*^ p^ / D*^tt- , the expectation from factorization 
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FIG. 49. The dV/dq^ distribution for B ^ D* £ u decays from CLEO II data (from Ref. [|0|). 
The sohd hnes represent fits to the CLEO II data based on HQET. The upper solid hne corresponds 
to a hnear extrapolation near the endpoint, and the lower solid line corresponds to a quadratic 
extrapolation. The dashed line shows dV /dq^ for the ISGW model, the dotted line is the BSW 
model. 



is given by Rrheoip) / RTheoiT^) times the ratio of the semileptonic branching ratios evaluated 
at the appropriate values. In Table |XLV| we show the comparison between the measured 
ratios and two theoretical predictions by Reader and Isgur [p61|| , and the revised BSW model 



| 235|| . At the present level of precision, there is good agreement between the experimental 

TABLE XLV. Ratios of B decay widths. 











Exp. 


Factorization 


RI Model 


BSW Model 


B{B^ - 


D*^ 


-p-)/B{B^ 


D*+Tr-) 


2.59 ±0.67 


2.81 ±0.46 


2.2 - 2.3 


2.8 


B{B^ - 


D*^ 


-a-,)/B{B^ 


D*+TT-) 


4.5 ± 1.2 


3.4 ±0.6 


2.0 - 2.1 


3.4 



results and the expectation from factorization for the range < < m^_^. Note that it 
is possible that factorization will be a poorer approximation for decays will smaller energy 
release or larger g^. Factorization tests can be extended to higher g^ using B D*D^*^ 
decays as will be discussed in section pClD . 
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B. Factorization and Angular Correlations 



More subtle tests of the factorization hypothesis can be performed by examining the 
polarization in B meson decays into two vector mesons, as suggested by Korner and Goldstein 
|264|| . Again, the underlying principle is to compare the hadronic decays to the appropriate 



semileptonic decays evaluated at a fixed value in g^. For instance, the ratio of longitudinal 
to transverse polarization (Tl/Tt) in D*^ should be equal to the corresponding 



ratio for B — > D*lv evaluated at q = nip = 0.6 GeV 



l£(50 ^ D*+p-) = ^{B ^ D*iu)\^,^^, (33) 



The advantage of this method is that it is not affected by QCD corrections ||265 |. 

For B D*lv decay, longitudinal polarization dominates at low g^, whereas near 
= g^g^^ transverse polarization dominates. There is a simple physical argument for the 
behaviour of the form factors near these two kinematic limits. Near = g^^x' the D* is al- 
most at rest and its small velocity is uncorrelated with the D* spin, so all three helicities 
are equally likely and we expect Tt/^l = 2. At g^ = 0, the D* has the maximum possible 
momentum, while the lepton and neutrino are coUinear and travel in the direction opposite 
to the D*. The lepton and neutrino helicities are aligned to give = 0, so near g^ = 
longitudinal polarization is dominant. 

For B^ D*~^p~ , we expect 88% longitudinal polarization from the argument described 
above [ ^66|| . Similar results have been obtained by Neubert | |267|| , Rieckert p68| ], and Kramer 



et al. 269 



Fig. ^ shows the prediction of Neubert for transverse and longitudinal polarization in 



B D*£i' decays. Using this figure we find Tl/T to be 85% at g^ = nip'^ = 0.6. The 



agreement between these predictions and the experimental result (Sec. |VIII C|) 



Tl/T = 90±7±5% (34) 



supports the factorization hypothesis in hadronic B meson decay for g^ values up to m^. 

Factorization breaks down in the charm sector due to the presence of final state interac- 
tions, "FSI" . The strength of these long distance effects in the B system can be determined by 
performing an isospin analysis of related decay channels such as B~ — > D^7r~ , B^ D^tt^, 
and B^ D~^7r~ as was done in the past for the D Kir and D — >■ K*'n' systems. At 
the present level of experimental precision, there is no evidence for non-zero isospin phase 
shifts in B decay From a maximum likelihood fit to the observed branching fractions, Ya- 
mamoto finds that cos 5* > 0.82 at the 90% confidence level, where 6* is the phase shift 
for the B Dtt system and comparable constraints, cos 5* > 0.57(0.92), for the B D*ti 
{B — >■ Dp) isospin multiplets ||270|| . In B decays to two vector mesons, such as i? — >■ D*p, 



the presence of final state interaction could also be probed by studying the angle, between 
the D* and p decay planes. FSI would cause a phase shift between the helicity amplitudes 
and break the symmetry of the x distribution. The presence of FSI would lead to a angular 



distribution proportional to sin x or sin 2% ||271 



Until the Dg decay constant, fn^, is measured more precisely, e.g. in Dg — >• /iz/, tests of 
the factorization hypothesis based on branching fractions cannot be applied to B D*Ds 
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FIG. 50. The differential branching ratio for D*^ii'£. The curves show the theoreti- 

cal prediction for producing transversely (dashed) and longitudinally (dash-dotted) polarized D* 
mesons, as well as the total decay rate (solid) (from Ref. |2671 j). 



decays. However, CLEO II has accumulated about 20 events in the B~ — > D*^D*~ and 
D*~^D*~ modes. As the data sample increases, it will become possible to measure 
the polarization in these decay modes and investigate whether factorization is still a valid 
assumption at = m^^. 



C. Tests of Spin Symmetry in HQET 

In HQET the effect of the heavy quark magnetic moment does not enter to lowest order 
| 272|| , and the assumption of factorization leads to the following predictions based on the 



spin symmetry of HQET: 

r(SO ^ D+7T-) = r(SO ^ D^+TT") (35) 

and 

T{B^ ^ D+p-) = T{B^ ^ D*+p-). (36) 

After correcting for phase space and deviations from heavy quark symmetry it is predicted 
that i3(i?o ^ D+TT-) = 1.03 B{BO D*+tt-) and B{B'^ -> D+p-) = 0.89 0(5° ^ D*+p-). 
A separate calculation by Blok and Shifman using a QCD sum rule approach predicts that 
B{B^ D+TT-) = l.2B{B^ D*+TT-). This differs from the HQET prediction due to the 
presence of non-factorizable contributions ||273 |. 
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From the experimental data we find 



^ D*+TT-) 
and 

BjB^ D+p-) 
B{BO D*+p-) 



^ ' 1.11 ±0.22 ±0.08 (37) 



1.06 ±0.27 ±0.08 (38) 



The second error is due to the uncertainty in the D branching fractions. The two ratios of 
branching fractions are consistent with the expectations from HQET spin symmetry as well 
as with the prediction from Blok and Shifman that includes non-factorizable contributions. 

Mannel et al. | |272| observe that by using a combination of HQET, factorization, and data 
on B ^ D* i u, they can obtain model dependent predictions for B{B^ D^p^)/B{B^ 
D^7r~). Using three parameterizations of the universal Isgur-Wise form factor |^74|| , they 
predict this ratio to be 3.05, 2.52, or 2.61. From the measurements of the branching ratios 
we obtain 

B(B^ D+p-) , , 

-H^ '-^ = 2.7 ±0.6 39 

B{BO D+Ti-) ^ ' 

The systematic errors from the D branching fractions cancel in this ratio. Again we find 
good agreement with the prediction from HQET combined with factorization. 

Similar comparisons can be performed for B D^*^D^*^ decay modes. Using isospin 
invariance to combine the B^ D+D^*~'> and B^ — > D'^ D^s^'^ decay modes, we obtain 



If - °°' \ = 0,94 ±0,35 (40) 

B{B D*D-) ^ ' 



The predicted range for this ratio is 1.35 — 1.56 p9 |. 
Similarly, 

f'f-^y) = 0.46 ±0,19 (41) 

B{B D*D*-) ^ ' 

In this case, the additional helicity states available leads to the expectation that this ratio 
will lie in the range 0.33 - 0.39 [||. 



D. Applications of Factorization 

If factorization holds, hadronic B decays can be used to extract information about 
semileptonic decays. For example, we can determine the poorly measured rate B 
D**(2420) £ v from the branching ratio of -B ^ D**(2420)7r. By assuming that the rate 
for B D**(2420)7r is related to dT/dq^{B D**{2A20)iu) evaluated at = Using 
the model of Colangelo et al. ||254|| to determine the shape of the form factors we obtain the 
ratio 

T{B D**(2420) i Jy) 
T{B D**{2420)7t) ~ 
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Combining this with the experimental result, B{B- D**0(2420)7r-) = 0.15 ± 0.05%, 
(Table TO) we predict 13{D** (2420) iu) = 0.48 ± 0.16%. This is consistent with the average 
of recent direct measurements by OPAL and ALEPH (Table [XTV| ), B{D**{2A20)£u) = 0.82 ± 
0.18 ±0.06%. 

A second application of factorization is the determination of fr,^ using the decays B 
D*D,. The rate for 5° D*+D, is related to the differential rate for D*+l-v at 



if factorization continues to be valid at larger values of q . 



V (50 



D*+D- 



dV 



50 ^ 



|2 

' cs\ 1 



The factor 6 = 0.37 accounts for the different form factors which enter in B 

B^D*iu fim. 



Using the value listed in Table PCL111| for dV/dq^{B D*iu) at 
average branching ratio for B{B — > D*Dj) = 0.93 ± 0.25%, we obtain 



m 



(42) 



D*D, and 



Ij and the 



= {271 ± 77)^3.7%/ B{D, 
1.95 ± 0.52%, we find {S 



(f)7T+) MeV 



and with B{B D*D*' 

/bj = (248±69)73.7%/5(D, 
This result can be compared to the value 



MeV 



/^^ = (344 ± 37 ± 52)^ B{D, 07r+)/3.7% MeV 

that was obtained from a direct measurement of Dg —>■ decays in continuum charm events 
Both values of fo^ are consistent with theoretical predictions which are in the range 
/^^ = 200 - 290 MeV '|27|, l27|, [^T^. If both the 0vr+ branching fraction and 

fos are measured more precisely, then measurements of the branching ratios of i? ^ D*Ds 



decays can be used to test factorization in B decay at q 



m 



In the near future, it 



will also be possible to test factorization in this q^ range by measuring F^/F in 5 — > D*Dl 
decays. 



E. Factorization in Color Suppressed Decay 

It is not obvious whether the factorization hypothesis will be satisfied in decays which 
proceed via internal W-emission e.g B — >■ %l)K^*\ Two observables have been compared 
to phenomenological models based on the factorization hypothesis: the ratio of vector to 
pseudoscalar modes and the polarization in B ^ ipK* decays. 

The ratio of vector to pseudoscalar meson production 

BiB ^i)K*) 
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can be calculated using factorization and the ratio of the B K* and B ^ K form factors. 
The revised BSW model of Neubert et al. ||235|| predicts a value of 1.61 for this ratio, which 



is close to the experimental value. Another test is the corresponding ratio for tp decays: 

B{B ^'K* 



B{B i)'K) 



2.1 ± 1.5 (44) 



This can be compared to the revised BSW model which predicts 1.85 for this ratio. Gourdin 
et al. [ p4CI|| argue, that the ratio B{B — > rjcK*) / B{B TjcK) would provide a good test 



of the factorization hypothesis in internal spectator decays. However, this will require a 
significantly larger data sample than is available at present before this ratio can be measured 
with sufficient precision. Other ratios of decay rates in modes with charmonium mesons may 
also be used to test for the violation of factorization ||238| . 



The experimental results on ipK* polarization can be compared to the theoretical pre- 
dictions of Kramer and Palmer | |23(j| | which depend on the assumption of factorization and 
on the unmeasured B — > K* form factor. Using the BSW model to estimate the form fac- 
tors, they find F^/r = 0.57. Using HQET to extrapolate from the E691 measurements of 
the D — i> K* form factor, they obtain Tl/T = 0.73. The group of Gourdin, Kamal and 
Pham as well as the collaboration of Aleksan, Le Yauoanc, Oliver, Pene, and Raynal have 
noted that there is no set of experimental or theoretical form factors that can simultane- 
ously reproduce the measured values of Tl/T and B{B ipK*) /B{B — > ifjK) ||237|| , |p39 



They conclude that there is either a fundamental problem in heavy to light form factors or a 
breakdown of factorization for this class of decay modes. Kamal and Santra have suggested 
that all the measured observables in exclusive B ^ can be accommodated with a single 
non-factorizable amplitude ||241 . 



CLEO also finds evidence at the 2.5 standard deviation level for B Xc2 transitions at 
a branching ratio of 0.25 ± 0.10 ± 0.03%. If confirmed, this would indicate the presence of 
either non-factorizable color octet contributions which are neglected in the usual treatment 
of hadronic B decays or higher order processes O(a^) in 6 — ccs decays |pi5 . 



XII. DETERMINATION OF THE COLOR SUPPRESSED AMPLITUDE 

A. Color Suppression in B Decay 

In the decays of charmed mesons the effect of color suppression is obscured by the effects 
of final state interactions (FSI), and soft gluon effects which enhance W exchange diagrams. 



Table pCLVI| gives ratios of several charmed meson decay modes with approximately equal 
phase space factors where the mode in the numerator is color suppressed while the mode in 
the denominator is an external spectator decay. With the exception of the decay — ^ K^p^ 
it is clear that the color suppressed decays do not have significantly smaller branching ratios. 

When the BSW model is used to fit the data on charm decays it gives values of ai = 
1.26 and 02 = —0.51. The BSW model assumes that the values of the coefficients can be 
extrapolated from n = ml to fi = ml taking into account the evolution of the strong coupling 
constant a^. This extrapolation gives the predictions ai = 1.1 and 02 = —0.24 for B decays. 
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TABLE XLVI. Measured Ratios of color suppressed to external spectator branching fractions. 



Mode Branching fraction |25| 



B{D° K^p^)/B{D^ K-p+) 0.08 ± 0.04 

B{D^ ^ K^TT^)/B{D^ ^ K-TT+) 0.57 ±0.13 

B{D^ if*07r0) /B{D^ K*-tt+) 0.47 ± 0.23 

B{D^ ^7ry^)/BlD^ ^Tr-Tr+) 0.77 ± 0.25 

B{D+ K*OK+)/B{Ds 07r+) 0.95 ± 0.10 

B{D+ ^ KOK+)/B{D, ^ (j)Tr+) 1.01 ±0.16 



The smaller magnitude of 02 means that in contrast to the charm sector one expects to find a 
more consistent pattern of color suppression in B meson decays. Another approach uses the 
factorization hypothesis, HQET and model dependent form factors (RI model) [|261|| . In this 
approach, oi and 02 are determined from QCD (with l/A^'coior = 1/3), and color suppressed 
B decays are expected to occur at about 1/1000 the rate of unsuppressed decays. In Section 
IX (J| we obtained upper limits for color suppressed B decays with a or D*^ meson in the 



final state. In Table PCLVII] these results are compared to the predictions of the BSW and 
the RI models. 



TABLE XLVIL Branching fractions of color suppressed B decays and comparisons with models. 

RI model(%) 



Decay Mode 


U. L. (%) 


BSW (%) 


B (BSW) 


BO - 


-^DOttO 


< 0.048 


0.012 


0.20ai(/D/220MeV)2 


B^ - 


^DOpO 


< 0.055 


0.008 


0.14ai(/D/220MeV)2 


B^ - 


DOj] 


< 0.068 


0.006 


0.11ai(/D/220MeV)2 


B^ - 




< 0.086 


0.002 


0.03ai(/D/220MeV)2 


BO - 


^DOu: 


< 0.063 


0.008 


0.14ai(/D/220MeV)2 


BO - 


D*OTrO 


< 0.097 


0.012 


0.21ai(/i3,/220MeV)2 


BO - 


D*OpO 


< 0.117 


0.013 


0.22ai(/D*/220MeV)2 


BO - 


^*o^ 


< 0.069 


0.007 


0.12ai(/D*/220MeV)2 


BO - 


D*Or^' 


< 0.27 


0.002 


0.03ai(/z)*/220MeV)2 


BO - 


D*Oio 


< 0.21 


0.013 


0.22ai(/D*/220MeV)2 



0.0013 - 0.0018 
0.00044 



0.0013 
0.0013 



0.0018 
0.0018 



In contrast to charm decay, color suppression seems to be operative in hadronic decays 
of B mesons. The limits on the color suppressed modes with Z}°(*) and neutral mesons are 
still above the level expected by the two models, but we can already exclude a prediction by 
Terasaki 127|] that B{BO -> D°7r°) ^ 1.8B{B0 D+tt-). To date, the only color suppressed 
B meson decay modes that have been observed are final states which contain charmonium 
mesons e.g. B ijjK and B i/jK* 



B. Determination of |ai|, \a2\ and the Relative Sign of (02/0^1) 



In the BSW model [2^], the branching fractions of the B^ normalization modes are 
proportional to of while the branching fractions of the B —>■ ip decay modes depend only 
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on a|. A fit to the branching ratios for the modes 5° D+tt , D^p , D*^7i and D*^p 
using the model of Neubert et al. yields 

|ai| = 1.03 ±0.04 ±0.06 (45) 

and a fit to the modes with ip mesons in the final state gives 

laal = 0.23 ±0.01 ±0.01 (46) 

The first error on |ai| and \a2\ includes the uncertainties from the charm or charmonium 
branching ratios, the experimental systematics associated with detection efficiencies and 
background subtractions as well as the statistical errors from the branching ratios. The 
second error quoted is the uncertainty due to the B meson production fractions and lifetimes. 
We have assumed that the ratio of B^B~ and B^B^ production at the T(4S') is one [40|, 
and assigned an uncertainty of 10% to it. 

The magnitude of the amplitude for external spectator processes, |ai| can also be deter- 
mined from B [)(*)[)(*) decays. Since these transitions are not subject to interference with 
the internal spectator amplitude we can combine B~ and B^ decays to reduce the statistical 
error. Using the average branching fractions given in Tables XLI , pCLII we obtain 



|ai|oB^ = 0.93 ±0.06 ±0.04 (47) 

It is interesting to note that this value of |ai | agrees with the result of the fit to the B D^*^tt 
and B D^*^p modes (see 45). In general, |ai| could be different for exclusive b — >■ cud and 



b CCS processes. 

By comparing branching ratios of B~ and B^ decay modes it is possible to determine the 



the sign of 02 relative to ai. The BSW model, [ p35|| predicts the following ratios: 

R. = ^;^-o ^ j,,^-] = (1 + l-2Sa,/a,r (48) 

^2 = 51 ^ ^'/l = (1 + OMa^/a.f (49) 



B{B- - 


D%-) 


B{B^ - 


D+TT-) 


B{B- 


- D'p-) 


B{B^ - 


- D+p-) 


B{B- - 


D*07r-) 


B{BO - 


^ D*+TT-) 


B{B- - 


D*^p~) 


B{B^ - 


-> D*+p-) 



^3 = ^— -( = (1 ± 1.29a2/ai)^ (50) 



^4 = TTT^ ~ (1 + 0.75a2/ai)2 (51) 



Table pCLIX| shows a comparison between the experimental results and the two allowed 
solutions in the BSW model. In the experimental ratios the systematic errors due to detection 
efficiencies partly cancel. In the ratios and i?4 the D meson branching ratio uncertainties 
do not contribute to the systematic error. 

A least squares fit to the ratios Ri - R3 gives 
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TABLE XLVIII. Predicted branching fractions in terms of BSW parameters ai, a2- The coef- 
ficients have been rescaled to accommodate the new B hfetime and \Vcb\ values given in equation 



27 and fo = fo* 


= ZZU Me V . 






Mode 




Neubert et al. [235 


Deandrea et al. [28C| 


B^ 




0.264O? 




0.278af 


B^ 


, 1 


0.621af 




0.717af 


B" 




0.254af 




0.278af 


B" 


D*+p~ 


0.702af 




0.949af 


B" 


D+DJ 


L213af 




1.094af 


B^ 


D+Dl ' 


0.859a? 




0.745af 


B° 


D*+D- 


0.824a? 




0.768af 


5° ^ 


D*+DT ' 


2.203a? 




2.862af 


B- - 




0.265[ai + 1.230a2(/D/220)]2 


0.278[ai + 1.12655a2(/D/220)]2 


B- - 




0.622[ai + 0.662a2 (/z)/220)]2 


0.717[ai + 0.458a2(/z)/220)]2 


B- — 




0.255[ai + 1.292a2 (/z)./220)]2 


0.278[ai + 1.524a2(/D./220)]2 


B — 


► D*^p- 


0.703[a? + 1.487aia2 {fo 


./220) 


0.949[af + 1.31aia2 (/z)./220) 






+0.635ai(/z)./220)2] 


+0.53ai(/i5-/220)2] 


B- — 




1.215af 




1.094af 


B- - 




0.862af 




0.745af 


B- - 


► D*°D- 


0.828af 




0.768af 


B- - 




2.206a? 




2.862af 


SO ^ 




1.817a| 




1.652ai 


^0 ^ 




2.927a| 




2.420ai 


^0 ^ 




1.065a| 




0.559ai 






1.965ai 




1.117ai 


B- - 




1.819ai 




1.652ai 


B- - 




2.932a| 




2.420ai 


B- - 




1.068ai 




0.559ai 


B- - 




1.971a^ 




1.117a^ 



02/01 = 0.25 ±0.07 ±0.06 (52) 
where we have ignored uncertainties in the theoretical predictions. i?4 is not included in the 



fit since the model prediction in this case is not thought to be reliable ||281|| . The second error 
is due to the uncertainty in the B meson production fractions and lifetimes which enter into 
the determination of ai/a2 in the combination (/+r_|_//oro). As this ratio increases, the value 
of 02/01 decreases. The allowed range of (/+r+//oro) excludes a negative value of O2/01. 

Other uncertainties in the magnitude |p82|| of /d, f^* and in the hadronic form factors 
can change the magnitude of O2/01 but not its sign. The numerical factors which multiply 
02/01 include the ratios of S ti{B p) to B ^ D {B ^ D*) form factors, as well as the 



ratios of the meson decay constants. We assume values of 220 MeV for fn and fo* P83 



To investigate the model dependence of the result we have recalculated |oi|, I02I, and 02/01 
in the model of Deandrea et al. We find |oi| = 0.97 ± 0.04 ± 0.06, I02I = 0.24 ± 0.01 ± 0.01, 
and 02/01 = 0.25 ± 0.07 ± 0.05, consistent with the results discussed above. A different 
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TABLE XLIX. Ratios of normalization modes to determine the sign of a^ja-x- The magnitude 
of 02/^1 is the value in the BSW model which agrees with our result for B ^ ip modes. 



Ratio 0,2/0,1 = —0.23 02/01 = 0.23 Experiment RI model 

051 L64 1.60 ± 0.30 1.20 - 1.28 

R2 0.72 1.33 1.61 ±0.39 1.09 - 1.12 

R3 0.49 1.68 1.85 ±0.40 1.19-1.27 

i?4 0.68 1.37 2.10 ±0.61 1.10-1.36 



set oi B ^ Tf form factors can be calculated using QCD sum rules. Using the form factors 
determined by Belyaev, Khodjamirian and Riickl |P84|] and by Ball ||285|| , 02/01 changes by 
0.04. Kamal and Pham have also considered the effect of uncertainties in form factors, the 
effects of final state interactions, and annihilation terms. They conclude that these may 
change the magnitude of 02/01 but not its sign ||286|| . Systematic uncertainties in the ratio 
of D branching fractions could also modify its magnitude. 

TABLE L. Predicted (BSW) and measured ratios of widths of and modes in charm 
decay. 





Mode 






02/01 = -0.40 


02/01 = 0.40 


Ratio of widths (exp) pSj 


D+- 


K0^+/Z)0 - 


K- 


7r+ 


0.26 


2.2 


0.28 ±0.05 


D+ - 


k^p+/D^ - 


K- 




0.58 


1.5 


0.36 ±0.10 


D+ - 




K* 




0.05 


3.2 


0.17 ±0.07 


D+- 


^ K*^p+/D^ - 


K* 




0.34 


2.0 


0.25 ±0.12 



The magnitude of 02 determined from this fit to the ratio of B~ and modes is consistent 
with the value of 02 determined from the fit to the B ^ ip decay modes. The sign of 02 
disagrees with the theoretical extrapolation from the fit to charmed meson decays using the 
BSW model ||287||. It is also disagrees with the expectation from the 1/Nc rule ||273[|, [|288 



Table compares the corresponding charm decay ratios to the theoretical expectations for 
positive and negative values of 02/01. The result may be consistent with the expectation of 
perturbative QCD pSOj . 



C. The Sign of a2/ai and the Anomalous Semileptonic Branching Ratio 

A relative plus sign between the coefficients oi and 02 indicating constructive interference 
in B~ decays came somewhat as a surprise since destructive interference is observed in charm 
decay. Although constructive interference has been observed in all the B~ modes studied 
so far these only comprise a small fraction of the total rate. It is therefore important to 
broaden the experimental base and to measure oi and 02 for a large variety of decay modes. 
One approach would be to compare inclusive B^ ^ -^direct with B^ —>■ -Djii-ect production. 
It is intriguing that Oi determined from B D^*^n, D^*^p modes agrees well with the value 
of Oi extracted from B DDg decays. The observation of color suppressed decays such as 
B^ — > D^TT^ would certainly help to clarify this picture since they give another measure of 
I02I complementary to B ^ Charmonium decays . 
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Keum | p92|| has suggested that the relative sign of Oi and 02 could be determined from 
a measurement of the polarization in B~ D*^p' decays. For 02/^1 > the amount of 
longitudinal polarization should be less than 88% and vice versa. 

The experimentally measured semileptonic branching ratio is determined to be (10.35 ± 
0.17±0.35)% in the model independent dilepton analysis ||112|| . Comparable but more precise 



rates are also obtained from the analysis of the single lepton spectrum. These measurements 
are significantly below the theoretical lower bound Bgi > 12.5% from QCD calculations 
within the parton model ||121|| . 



It is possible to understand simply the origin of the theoretical limit. In the absence of 
QCD corrections, the virtual W emitted by the b quark can decay into a lepton-antineutrino 
pair, au — d quark pair, or c — s quark pair. For the decay into a quark pair, there are three 
possible color states which are equally probable. In addition, corrections must be made for 
the reduction in phase space in the W ^ tu and W ^ cs decays. Then the semileptonic 
fraction, Bsl is given by 

^ f (53) 

5/c "I" 3/cs + fcT 

Using the phase space factors, fc = 0.45, fcs ~ fcr = 0.12 gives Bsl = 16.5%. Including 
QCD corrections, modifies the hadronic contributions to the width and gives Bsl = 14.3%. 
The theoretical lower limit of 12.5% is obtained by varying the quark masses and QCD scale 
to their lower limits. 

Several explanations of this discrepancy have been proposed and await experimental 
confirmation: 



An increased b ccs component of the B meson hadronic width ||121|| , pi8|| , ||122 



However, recent experimental data rule out the mechanism suggested by reference |122 
as a major contributor to i? ^ baryon decays. 

Higher order contributions might reduce the theoretical expectation or the assumption 
of duality may not hold for b quark decay ||125|| . The former has been advocated by 



Bagan, Ball, Braun, and Gosdzinsky who find results consistent with the experimental 
result ||126|| , ||127|| but also predict Nc = 1.28 ± 0.08 for the number of charm quarks 
produced per b decay due to higher order enhancements of the b — > ccs channel [ p.27| 



Constructive interference in B~ decays would reduce the theoretical expectation for 
the semileptonic branching ratio. A small contribution from W exchange to B^ decays 
would keep the lifetime ratio close to unity and satisfy the experimental constraints on 
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Increasing the b — > ccs component would increase the average number of c quarks produced 
per b quark decay and lead to another interesting problem: the predicted number of charm 
quarks per b decay would increase to 1.3 while the current experimental world average for 
this number is 1.10 ± 0.06 (see section |V1 D| ). 

There could also be a large contribution to the hadronic width that has not been 



measured. It has been suggested by Palmer and Stech [|218|| , that b ccs followed by 



cc — > gluons, which in turn hadronize into a final state with no charm, has a large branching 
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ratio. Another related suggestion is that the rate for the hadronic penguin diagram b ^ sg 



is much larger than expected ||124|| . These possibilities will lead to significant production of 
high multiplicity charmless final states and are difficult to distinguish experimentally. 

A systematic study of inclusive hadronic B decays to mesons and baryons will be required 
to resolve this problem. 



XIII. RARE HADRONIC DECAYS 

There are hadronic B meson decays that cannot be produced by the usual b ^ c transi- 
tion. The results of the experimental search for these rare decay modes provides important 
information on the mechanisms of B meson decay and significant progress is being made 
with the collection of large samples of B mesons by the CLEO II experiment. As an in- 
dication of this we will discuss the first observation of radiative penguin decay as well as 
new experimental results on the decays B^ tt+tt" and B^ K^tc^ where a statistically 
significant signal has been observed in the sum of the two modes. 

Decays of the kind B —>■ DgXu, where the Xu system hadronizes as pions, can occur via 
a. b u spectator diagram where the W forms a cs pair. Since other contributing diagrams 
are expected to be negligible these decays may provide a clean environment in which to 
measure Vub in hadronic decays. Decays of the kind B^ — »• D^X~ , where X^ is a strange 
meson, are also interesting since they are associated with a W exchange diagram. 



FIG. 51. Rare B meson decay diagrams: {a) h ^ u spectator and (b) gluonic penguin. 



Charmless hadronic decays such as B^ tt+tt^, B^ -n-^n^, B^ Ti^p^ and B^ 
7r°p^, are expected to be produced by the b ^ u spectator diagram (Fig. |51|(a)), although 
there is a possible small contribution from a b —>■ d penguin diagram (Fig. |5Tl(b)). The 
decay B^ —>■ tt^tt" has been discussed as a possible place to observe CP violation in the 
B meson system ||293|| . The final state is a CP eigenstate, and CP violation can arise from 
interference between the amplitude for the direct decay via the b u spectator diagram, and 
the amplitude for the decay following B^B^ mixing. In this decay the CP violating angle is 
different from the one accessible in B^ "ipKg, so the measurement is complementary. There 
is a possible complication if the b ^ d penguin contribution to the amplitude is significant. 
This could be resolved if measurements are made on other rare hadronic decay modes to 
determine the role of the penguin amplitude in any observed CP violating effect [B& 
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Decays to charmless hadronic final states containing an s quark are expected to have a 
significant contribution from a 6 — > s penguin diagram, although they can also occur through 
a CKM suppressed 6 — > m spectator diagram. The inclusive rates for the hadronic penguin 
diagrams b ^ sg and b — >• sqq are estimated to be of order 0.1% from the parton model, but 
predictions for the hadronization into exclusive final states are uncertain because the simple 
assumptions about factorization of the amplitude used for the spectator diagram may not 
be valid for loop diagrams. 

Gronau, Rosner and London have observed that precise measurements of the branching 
fractions for hadronic charmless decay modes will provide sufficient information to determine 
the CKM complex phase ||294|| . SU(3) symmetry gives the relationship 



V2A{B+ TT^K+) + A{B+ Tx+K^) = r\V2A{B+ 7r+7r°) (54) 

where r~„ = fK/fnlVus/Vudl accounts for SU{3) breaking. The weak phase 7 enters only in 
the charmless decay modes proportional to \Vub\ but not in those which are proportional to 
\Vts\- By taking appropriate linear combinations of the rates for the above decay modes and 
their charge conjugates, it is then possible to solve for 7. Of order at least 100 reconstructed 
decays in each of the modes would be required to complete the determination. However, it has 
been recently noted that a possible contribution of electroweak penguins to the amplitudes 



for these decays may invalidate equation (p4|) ||295||. Other systematic uncertainties due to 



contributions from loops with c and u quarks may also be problematic. 

A. Decays to Dg Mesons 

These decays have recently been searched for by ARGUS ||296|| and CLEO II ||297|| . The 



upper limits are given in Table Q along with theoretical predictions by Choudury et al. 
2^81 , and Deandrea et al. pO|] . 

The experimental limits are still at least a factor of three above the theoretical predictions. 
If these limits are compared to the predictions of Deandrea et al.ih.en the best constraint on 
iKifc/V^bl will come from the CLEO II limit on D^tc^, but that this model dependent 

limit is still above the range 0.06 < |\4fe/Vcf,| < 0.10 allowed by the recent semileptonic data 
\L^ . Combining several DgXu modes the sensitivity to Vub can be slightly improved. For 
example, using the BSW model CLEO obtains an upper limit of |\4fe/V^6| < 0.15 (90% C.L.) 
|297| . 



B. Charmless Hadronic B Decay 

Predictions of branching ratios for charmless hadronic decays were made by Bauer, Stech 
and Wirbel ||252|| using the b —>■ u spectator diagram and the assumption of factorization. 



The possible contributions from penguin diagrams were neglected. These predictions have 
recently been updated by Deandrea et al. [p80|| using new estimates of the hadronic form 



factors. We compare their results to the experimental upper limits in Table [Lll| . Recently, 
the LEP experiments with silicon vertex detectors have also contributed to the search for 
these charmless decay modes. These experiments are also able to set limits on rare decays 
of the Bs meson (see Table pCIII B| ), which are not produced at threshold experiments. 
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TABLE LI. Theoretical predictions and experimental upper limits (90% C.L.) for B decays to 
Dg. All numbers quoted are branching fractions xlO^ 



B Decay 


Choudury 


Deandrea 


ARGUS 


CLEO II 


D+TT- 


1.9 


8.1 


<170.0 


<27.0 




2.7 


6.1 


<120.0 


<44.0 


Dfp- 


1.0 


1.2 


<220.0 


<66.0 




5.4 


4.5 


<250.0 


<74.0 




1.8 


3.9 


<90.0 


<20.0 




1.3 


3.0 


<90.0 


<32.0 


Dtv 




1.1 




<46.0 


D*+rj 




0.8 




<75.0 




0.5 


0.6 


<340.0 


<37.0 


D^p' 


2.8 


2.4 


<200.0 


<48.0 


Dfu 




0.6 


<340.0 


<48.0 


D*+u; 




2.4 


<190.0 


<68.0 


D+K- 






<170.0 


<23.0 


D*+K- 






<120.0 


<17.0 


D+K*- 






<460.0 


<97.0 


D*+K*- 






<580.0 


<110.0 



In addition to the results given in Table [LII| , L3 has set limits on two rare modes with all 
neutral final states rjir^ and B ^ rjr] modes of 84 x 10~^ and 210 x 10~^, respectively. 

There are two recent sets of theoretical predictions by Deshpande et al. ||305|| and Chau et 



al. |p06|| that take into account both penguin and spectator contributions and make predic- 



tions for a large number of charmless hadronic B decays. A selection of these predictions are 
shown in table [LIII| . Large contributions from the penguin amplitude are expected in decays 
such as B ^ K^*^(j) and B — ^ K^*^^. However, the decays B Kp are predicted to have 
very small penguin amplitudes due to cancellations in the contributions to the amplitude 

New upper limits have been presented for B^ —>■ tt+tt^ [^] and — > vr^p^ [P09|| . 
CLEO II search for B^ tt~^7i~ is discussed in detail in the next section 
a new limit on B^ —>■ K^n^ I^S], and preliminary results on B^ K~ 

The CLEO II limits on B^ K-tt+ and B 



The 

. CLEO II also has 
p+ pOl as well as 



the B modes §U^. The CLEO II limits on B^ K-'k+ and B- K-(f), which 

are expected to have a large penguin amplitude, are close to the theoretical predictions. 

The experimental sensitivities to branching ratios have now reached the 10~^ range. 
Since the theoretical predictions for several B decay modes are in this range, it is possible 
that some signals will be observed soon. By measuring a sufficient number of charmless B 
decay modes (e.g. B^ 7r^7r+, B^ tt^tt^, B^ tt^tt^) it may be possible to isolate the 
spectator and penguin contributions. 
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TABLE LII. Theoretical predictions and experimental upper limits (90% C.L.) for charmless 
hadronic B decays. All numbers quoted are branching fractions xlO^. 



B Decay 


Deandrea 


ARGUS 


CLEO 1.5 


CLEO II 


DELPHI 


TT+TT" 


1.8 


<13.0 


<7.7 


< 2.2 


< 5.5 




5.2 


<52.0 




< 9.5 






1.3 














<90.0 


<49.0 








0.06 






< 1.0 






0.14 


<40.0 




< 2.9 




pV° 


0.05 


<28.0 


<29.0 






vr-vrO 


1.4 


<24.0 




< 2.3 






0.7 


<15.0 


<17.0 


< 4.1 


< 26 




2.7 


<55.0 








p-p' 


0.7 


<100.0 


















< 22 












< 28 



< 7.5 < 4.7 



C. New Experimental Results on B^ vr+vr and B^ K~ 



TT 



The decay modes tt+tt , B'^ ^ K tt^, and B^ — >■ K^K ||310|| , have been searched 



for by CLEO II using a data sample of 2.0 fb~^ taken on the T(4S) A sample of 0.9 fb~^ 
taken just below the resonance is used to study the continuum background. Since B mesons 
are produced nearly at rest on the T(4S), the final state has two nearly back-to-back tracks 
with momenta about 2.6 GeV/c. Candidates for B meson decays are distinguished from 
continuum background using the difference, between the total energy of the two tracks 
and the beam energy, and the beam-constrained mass, Mb- The r.m.s. resolutions on AE 
and Mb are 25 MeV and 2.5 MeV respectively. 

Separation between Ti^rt^ , K^n^ and K~K^ events is provided by the AE variable, and 
by dE/dx information from the 51-layer main drift chamber. The Ai? shift between Ktt and 
TTTT events is 42 MeV if Ei and E2 are determined using the pion mass. This is 1.7(Ta_b. The 
dE/dx separation between kaons and pions at 2.6 GeV/c is found to be (1.8 ± 0.1)(T from 
a study of a sample of i5*^-tagged —>■ K^n^ decays. Thus, in the CLEO II experiment 
the total separation between Kit and tttc events is 2.5cr. 

The background arises entirely from the continuum where the two-jet structure of the 
events can produce high momentum, back-to-back tracks. These events can be discriminated 
against by calculating the angle, 9t, between the thrust axis of the candidate tracks, and the 
thrust axis of the rest of the event. The distribution of cosOt is peaked at ±1 for continuum 
events, and is nearly flat for BB events. A cut is made at | cos < 0.7. Additional 
discrimination is provided by a Fisher discriminant | pil| |, | |312| ], JF = J2i=i caVi- The inputs 



yi are the direction of the candidate thrust axis, the B meson flight direction, and nine 
variables measuring the energy flow of the rest of the event. The coefficients are chosen 
to maximize the separation between BB signal events and continuum background events. 
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TABLE LIII. Theoretical predictions and experimental upper limits (90% C.L.) for 6 — > s 
decays. All numbers quoted are branching fractions x 10^ 



B Decay 


Deshpande 


Chau 


ARGUS 


CLEO 1.5 


CLEO II 


DELPI 


K-TT+ 


1.1 


1.7 


<18.0 


<7.7 


< 1.9 


< 9 


K-p+ 





0.2 






< 4.3 




K-ai + 












< 39 














< 40 














< 21 




0.5 


0.6 






< 6.3 






0.01 


0.04 


<16.0 


<50.0 






K*--K+ 


0.6 


1.9 


<62.0 


<38.0 


< 23.8 






0.3 


0.5 






< 3.5 






0.6 


0.8 






< 3.2 






0.01 


0.06 


<18.0 


<8.0 


< 2.6 


< 19 




1.1 


1.2 


<9.6 


<10.0 


< 6.8 




r 





0.03 












0.6 


0.9 


<17.0 


<15.0 


< 6.0 




K*--K^ 


0.3 


0.9 










K^<j) 


1.1 


0.9 


<36.0 


<42.0 


< 10.7 




K*^(t) 


3.1 


0.9 


<32.0 


<38.0 


< 3.9 




K-cp 


1.1 


1.4 


<18.0 


<9.0 


< 1.4 


< 44 


K*-(j) 


3.1 


0.8 


<130.0 




< 9.0 

< 4.8 




K-K+K- 












< 31 



< 7.5 <8.1 



The optimal cut on the Fischer discriminant is 84% efficient for signal and 40% efficient for 
background. 
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TABLE LIV. Upper limits on branching fractions for rare Bs decay modes in unit of 10 



Bs Mode ALEPH OPAL DELPHI 

Bs TT+vr- <25 

Bs K+TT- < 25 < 26 < 9 

Bs K+K- < 11 < 14 < 12 

Bs ^ pp < 11 



TABLE LV. Updated results for the branching fractions of B^ — > K^i: , B^ — > vr^vr , and 
5° K+K^. Upper limits are at the 90% confidence level. 



Mode 



Event Yield 



B (10- 



o r:+4.y 
O.O_4,0 
1+4.2 

-3.4 
hi. 6 



Theoretical Predictions (10 



K+TT- 

K+K- 



7.11 



o.o: 



-0.0 



< 2.2 

< 1.9 

< 0.7 



1.0-2.6 
1.0-2.0 



vr+vr + K^TT 



15.7: 



-5.3 
-4.5 



1.8l|]j ±0.2 



concluded that the significance of the sum is sufficient to claim the observation of a signal 
for charmless hadronic B decays. It should be emphasized that the present data do not 
have sufficient statistical precision to allow any conclusion to be reached about the relative 
importance of the two decays. While the CLEO II experiment does not measure signals for 
the individual decays tt+tt^ and B^ K^n^, it does set stringent upper limits (Table 

xTng). 

Studies have been made of the amount of additional data that might be required to 
measure signals in the individual modes, and it is estimated that a sample of about 4 fb~^ 
may be sufficient, assuming that the best fit continues to give the same yields for N^^t^ and 
Nktt- Note that the separation between vrvr and Ktt provided by AE and dE/dx is adequate 
for this analysis, as can be seen from the nearly circular form of the contours in Fig. 



D. Inclusive/Semi-Inclusive b ^ sg transitions 



It is major experimental challenge to measure the rate for the inclusive process 6 — >■ s 
gluon, where the virtual gluon hadronizes into a qq pair. At least two methods have been 
proposed to determine the rate for such inclusive transitions. Since the coupling of gluons 
to quark-antiquark pairs is flavor independent, it is expected that except for modifications 
due to phase space b —>■ sss will be comparable to 6 ^ suu, b —>■ sdd. Experimentally, one 
searches for inclusive B ^ cf) transitions with the momentum in the range beyond the 
kinematic limit for b ^ c transitions, or B ^ (pXg where the Xs system contains a kaon 
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and additional pions. For example, Deshpande and He find B{B Xs(j)) = (0.6 — 2) x 10" 
| 353|| , ||352|| . Alternately, one may attempt to reconstruct B with additional pions. 



Several authors have proposed that b ^ sg transitions are enhanced in order to explain 
the anomalously low value of the B semileptonic branching fraction. In addition, it is con- 
ceivable that new physics could modify h sg without significantly modifying the rates for 
6 ^ S7 or 6 — s> sl^l^ . 



XIV. ELECTROMAGNETIC PENGUIN DECAYS 

A. Observation of S ^ iiT* (892)7 

The first observation of the electromagnetic decay B K*^ has been reported by 
CLEO II [|15|. A data sample of 1.38 fb~^ taken on the T(4S) resonance was searched for 
both 5° K*^-f and B~ -> K*~7, where the was detected in its K vr^ decay mode, 
and the K*~ in both the K^ir^ and K^it' decay modes. If a K* candidate is within 75 MeV 
of the known K* mass then it is combined with an isolated photon with an energy between 
2.1 and 2.9 GeV. The photon candidate must not be matched to a charged track, and must 
have a shower shape consistent with an isolated photon. If the photon candidate forms a 
'K^{ri) meson when combined with any another photon with energy greater than 30(200) MeV 
it is rejected. 

Candidates for B meson decays are identified using the variables Ai? = Ek* +E^ — Eheam 
and Mb- The r.m.s. resolutions on AE and Mb are 40 MeV and 2.8 MeV respectively. 

TABLE LVI. Summary of results for B K*-/ 







B- - 






K*^ K-TT+ 


K*~ KsTT' 


K*- K-TT^ 


Signal Events 


8 


2 


3 


Continuum Background 


1.1±0.2 


0.05±0.03 


0.8±0.3 


BB Background 


0.30±0.15 


O.OlibO.Ol 


O.lOibO.05 


Detection Efficiency 


(11.9±1.8)% 


(2.0±0.3)% 


(3.1±0.5)% 


Branching Ratio 


(4.0±1.7±0.8)xl0-^ 


(5.7±3.1±l.l)xlO"^ 



There are two main sources of background from the continuum, qq jets and initial state 
radiation (ISR). These backgrounds are suppressed by applying cuts on the shape variables 
i?2 < 0.5, |cos6't| < 0.7, and 0.25 < < 0.60. The upper restriction on s±_ is useful for 
rejecting ISR background. By transforming the event into the frame where the photon is 
at rest, and defining new shape variables R2 and cos9j< in this frame, the ISR background 
can be further suppressed. There is a small amount of background to -B ^ K*'-) from other 
BB events. The size of this background was determined from a high statistics Monte Carlo 
study. This study includes a feeddown from other 6 — > 57 decays, which was estimated using 
the theoretical models for 6 — 57 discussed in the next section. The remaining background 
is mainly due to continuum e^e~ annihilation. This contribution has been determined using 
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AE, Mb sidebands in both the T{4S) and continuum data and scahng factors determined 
from Monte Carlo studies. 

_§t^p5fting^|^a§ffljg°Mt4Til<^eW!m 4if ^Mgfia!^9e^iffit We ftil°!o^h-^ dlc'^^ffl ^^gfr^ 
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predictions from the electromagnetic penguin diagram |pl8 



B. Search for exclusive 6 — > ^7 transitions 



CLEO has also searched for exclusive 6 — ^7 decay modes including p°7, B^ 

p~7 and B 077 [pl7|| . In these modes, the largest background arises from continuum 
production with significant contributions from the 6 — 57 process B -ft'*7, K* K^ti^ 
with the charged kaon misidentified as a pion. Some discrimination between B K*°7 
and B p^'y is provided by AE, the vector decay angle, and by the constraint that vrvr 
mass lie in the p mass region. This information is used by a neural network to reduce the 
background from B K*'y by a factor of 20 while retaining 50% of the B ^ p'j signal. 
No signals are observed and upper limits at the 90% C.L. of B{B^ P i) < 2.0 x 10^^, 
B{B^ p'^-f) < 2.4 X 10-^ and B{B^ ^ u-f) < 1.1 x IQ-^ are obtained. 




out?4fetfeft)6?M§nHlnethods are employed to suppress the large background from non- 
resonant e~^e~ qq and initial state radiation i.e. e~^e~ qq'y. 



One method uses partial reconstruction of the decay products of the kaonic resonance 
which recoils against the energetic photon. This is referred to as the B reconstruction 
analysis. A kaon candidate (either charged or neutral), up to four charged tracks, and two 
or fewer vr'^s are combined with the photon candidate and are required to be consistent 
with the B mass. The resulting photon spectrum after event shape cuts is examined. This 
technique does not require that the final state kaonic resonance be correctly reconstructed 
and is primarily designed to suppress the continuum background. 

A complementary method using a neural network is also used to distinguish 6 — 57 
signal and background. This is referred to as the event shape analysis. The network uses 
the event shape variables R2, S±, R2, cos6'j. as well as the energy deposited in cones within 
20° and 30° of the photon direction and in similiar cones in the direction opposite to the 
photon. The output of the neural network is a value between —1 and 1 which measures 
the degree to which an event resembles signal. The network is trained using a large sample 
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of continuum Monte Carlo events. There is good agreement between the network output 
from Monte Carlo simulations and various data samples (e.g. continuum data, B Xfiu 
candidates) . 

The experimental photon energy spectra from the two methods are shown in Figs. p5l p6[ 



In the CLEO II data there is an excess of 2.2 < Ey < 2.7 GeV in the B reconstruction 
analysis and an excess of 263 ±104 events from B decays in this region for the event shape 
analysis [pl3|| . The detection efficiencies are 9% and 32% respectively. However, the signal 



to noise ratio in the B reconstruction analysis is a factor of 4 higher so the sensitivities 
are comparable. These correspond to branching ratios of (1.88 ± 0.74) x 10""^ for the B 
reconstruction analysis and (2.75 ± 0.67) x 10~^ for the event shape analysis. The errors 
quoted are statistical only. The two results are consistent at the 1.1 standard deviation level. 
The model dependence introduced when extrapolating from the partial branching fraction 
in the signal window to the branching fraction for the entire range of photon energies is 
evaluated using a parton model calculation. The largest uncertainty arises from the error 
in rrih, the b quark mass. This parameter is allowed to vary in the range rrif, = 4.87 ± 0.10. 
The resulting (10%) change in the branching ratio is incorporated in the systematic error. 
The results of the two analyses can be combined allowing for statistical correlations and 
separating the correlated and independent components of the systematic error to give, 

B{b S7) = (2.32 ± 0.57 ± 0.35) x 10"^ 

where the first error is statistical and the second is systematic. 

For the purposes of constraining extensions of the Standard Model, it is useful to derive 
upper and lower limits at the 95% confidence level from this measurement. This gives: 

1.0 X 10"^ < B{b S7) < 4.2 x 10"^ (at the 95% c.l.) 

An alternative approach to measuring the inclusive rate is to use the observed exclusive 
rate for B K*'-/. However, the fraction of the inclusive rate that hadronizes to a particular 
exclusive final state is not very well understood. Ali et al. | 318| | predict the mass distribution 



of the Xg system using an estimate of the Fermi momentum of the spectator quark {pf = 300 
MeV). By integrating this spectrum up to 1 GeV and assuming this region is dominated by 
the^ 




m ^ . 

estinmte°&iat covers most of the theoretical predictions is (13±6)%. Examination of the 

kirti##ta|e§ft^c^ ^fC^^r(tt)8%t^,Bt|i^t|ig#igclTfsi^e*^^iS^ m^'^^^W^.- ^Eh^e^Mkikk^ 

mB4^m& ifeffl?ii5iafll)]P&§|)IMife WSffigqft?t?ffta and 
19.0 X 10~^ are obtained for these two decays ||322|| . ALEPH has searched for Bg —>■ 07 and 



Afc A7 and obtains limits of 29 x 10 and 56 x 10 respectively. 



D. Theoretical Implications of b 



57 



There has been recent interest in 6 — 57 as a probe of physics beyond the standard model 
| 329|| , |T6| , |330|| . There are possible additional contributions to the loop from a charged Higgs 
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boson and from supersymmetric particles. Hewett [^] has considered two Higgs doublet 
models and shown that contributions comparable to the standard model are expected for a 
charged Higgs mass of order 100 GeV. In supersymmetric models there are also contributions 
from loops containing charginos, neutralinos and squarks that tend to cancel the charged 
Higgs and standard model contributions (in unbroken supersymmetry all contributions to 
the loop diagram cancel exactly) [ P28|| . Several recent papers |P30|| investigate the parameter 
space allowed by 6 — 57 for particular models of the breaking of the supersymmetry. For 
most of the parameter space the charged Higgs contribution is the dominant one, and the 
present CLEO II upper limit on b —>■ sj constrains the charged Higgs mass to be greater 
than 244 GeV. This is more restrictive than constraints from direct searches at existing high 
energy colliders. The limit on the charged Higgs mass can be avoided in some supersymmetric 
models if the stop mass is small since this leads to a large negative contribution from the 
chargino-stop loop. For this case the rate for 6 ^ 57 could even become smaller than the 
standard model prediction. 

Other constraints on new physics have been derived from the bounds on 6 — » 57. If there 
are anomalous W — W — 'y couplings, these can significantly modify the rate for b — > 57. The 
CLEO measurements exclude certain regions of the parameter space of anomalous dipole and 
quadrupole couplings of the W boson that cannot be explored by direct studies of — 7 
production at hadron colliders ||332|| . It has also been suggested that these results constrain 
most supersymmetric dark matter candidates to such an extent that they will not produce 
significant counting rates in dedicated dark matter WIMP searches planned in the near 



future 333 



E. 6 ^ si+£- Decays 

The b —>■ s'-f diagram can be modified by replacing the real photon by a virtual photon 
or by a virtual or other neutral boson that produces a lepton pair (see Fig. ^8]). This 
penguin diagram leads to both B Ki^i~ and B K*£^£^ decays, since the B ^ K 
transition is no longer forbidden by angular momentum conservation as it was for b s'-f. 
Although the penguin amplitude for b si^i~ is smaller than b ^ s'-f the final states can 
be identified easily, and are particularly favorable for study at hadron colliders. As in the 
radiative penguin decay discussed previously, the process b s£~^i~ is sensitive to high mass 
physics including charged Higgs bosons and non-standard neutral particles. These modes also 
do not have significant QCD corrections which may be a useful feature when constraining 
new physics. Ali, Mannel, and Guidice have noted that the constraints imposed by the 
combinations of measurements of 6 — >■ 57 and b —>■ s£^£~ can severely constrain new physics 
including SUSY models ||357| 



The penguin amplitude has been calculated by a number of authors ||334|| , with results for 



the inclusive b se~^e~ rate of (1 — 2) x 10^^ and for the b s^^ ^~ rate of (4 — 8) x 10" 
The exclusive channels K*£~^£~ and K£'^£^ are expected to comprise 5 — 30% of the inclusive 
rate. However, the theoretical description of 6 — >■ s£~^£~ is more complicated than b — >■ S7, 
smce the final states K'-*H+£- can also be produced via "long distance" contributions from 
the hadronic decay B K^*^'ip followed by ijj ^ £~^i~ where ijj stands for a real or virtual 
charmonium state [p35|| . Ali, Mannel and Morozumi ||336|| have performed an analysis of 
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FIG. 58. Diagrams for the decays B K^*H+i- 



h st^t~ including both the penguin and the long distance contributions. Their predictions 
for the inclusive h — > st^l' rate are in the range (2 — 6) x 10~^ excluding the regions close 
to the -0 and tl)' mass where the long distance contributions dominate. There is interference 
between the penguin and long distance amplitudes over a wide range of dilepton masses. 
Ali et al. point out that the sign of the interference is controversial, and that information 
about the interference can be obtained both from the dilepton mass distribution, and from 
the forward-backward asymmetry of the lepton pair. 

The B — ^ K*e~^e~ mode has significant contributions from both virtual Z^s and virtual 
photons. At low m^, the virtual photon contribution is dominant and has a pole. This 
must be properly taken into account when computing experimental efficiency, since there is 
usually a cut on w^g+e- eliminate conversions ||337 . 



Experimental searches have been made by CLEO 1.5, CLEO II and ARGUS at the 
T(45), and by UAl and CDF in pp collisions. The CLEO and ARGUS analyses [g3|-|30| 
make a simple veto on dilepton masses consistent with a real ip or ip', and see almost no 
background in their beam-constrained mass plots. CDF has searched for B'^ —>■ K'^fi'^fi" 
and B^ K*^fi~^fi~ using the mode B ipK^ for normalization |342|. The CDF analysis 



requires that the dilepton mass lie in the range 3.3 — 3.6 GeV or in the range 3.8 — 4.5 GeV. 
This avoids contamination from modes with and if) mesons and reduces the combinatorial 
background. The UAl analysis ||341|| selects a range 3.9 < M{^^^~) < 4.4 GeV which is 
believed to have small long distance contributions and no radiative tail from the ip. UAl 
performs both an exclusive search for B^ K*^^^^^ and an inclusive search for B 
XsH~^fi~ . The upper limits derived from the hadron collider searches using a small fraction 
of the allowed dilepton mass range e.g. for example the CDF search considers about 25%. 
The limits on the partial branching fraction are extrapolated to the full dilepton mass range 
using a theoretical model. The upper limits from all the experimental measurements are 
summarized in Table |LVI1 . These upper limits are all well above the theoretical predictions 
The CLEO II limit on B^ K*^e~^e~ is within a factor of 3 of the branching ratio predicted 
by the Standard Model. These limits suggest that b — >• si^i~ decays will eventually be 
observed at either hadron colliders, or by T(4S') experiments. 



XV. PURELY LEPTONIC B DECAY 
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TABLE LVII. Experimental upper limits (90% C.L.) for 6 ^ s^^£ decays. All numbers quoted 
are branching fractions x 10~^ 



B Decay 


ARGUS 


CLEO I 


CLEO L5 


CLEO II 


UAl 


CDF 




<15.0 


<56.0 












<9.0 


<24.0 


<5.7 


< L2 








<26.0 


<39.0 












<22.0 


<36.0 


<17.0 


< 0.9 




< 3.5 




<29.0 




<6.9 


< L6 






K*-e+e- 


<63.0 














<34.0 




<16.0 


< 3.1 


<2.3 


< 5.1 




<110.0 






















<5.0 





A. B Decays to Two Leptons 

The Standard Model allows and Bs mesons to decay to e'^e~ fi^fi^ or r+r^ via box 
diagrams or loop diagrams involving both W and Z propagators (see Fig. ^9|) [|343|| . The 



largest branching fraction is predicted to be 4 x 10^^ for Bg t^t^, and the smallest 
2 X 10~^^ for 5° — s> e~^e~. The decays to the lighter leptons are suppressed by a helicity 
factor which is proportional to mj, and the B^ decays are suppressed relative to the Bg 
decays by the factor iVf^/^sP- Decays to the final states e^/x"^, e'^r'^ and /x^r^ are all 
forbidden in the Standard Model by lepton family number conservation. 

A search for B^ decays to two leptons has been made by CLEO II [344], and there are also 



searches for B^ fi^fi by the UAl and CDF collaborations at hadron colliders | |341| , |345|| . 
The 90% C.L. upper limits on the allowed processes are 5.9 x 10~^ for B^ — >■ e^e~ (CLEO II), 
and 3.2 x 10"^ (CDF), 5.9 x 10"^ (CLEO II) and 8.3 x 10"^ (UAl) for 5° ^ The 
hadron collider experiments will set similar limits on Bs f^^f^~, and presumably have not 
done so because the Bs mass was unknown until recently (see section [HID ) . 



FIG. 59. Diagrams for the dilepton decays of B mesons. 



CLEO II also sets limits on the lepton-fiavor changing decays of 5.9 x 10^^ for B^ —* e^fi^, 
7.9 X 10^^ for 5° — > e^r^ and 1.2 x 10"^ for B^ j^'^r^. Upper limits on the lepton flavor 
violating decays B^ K^e'^fi^ and B^ — » A"*°e^yU^ of < 1.2 x 10"^ and 2.7 x 10~^ have 
also been set. 
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Several recent papers consider the relative sensitivity of various lepton-flavor changing 
decays to non-Standard Model couplings [p46|| , ||347|| . Sher and Yuan argue that larger 



Yukawa couplings are expected for third generation quarks, and that these larger couplings 
not only enhance the sensitivity of the decays, but also make them less dependent on the 
detailed parameterization of the new couplings |346[| . They make a comparison of B and 
K decays which suggests that Tfi has the best sensitivity, although it is unclear how 

to search for this channel experimentally. The more accessible channel B^ fie could also 
have better sensitivity than the equivalent decay —>■ /xe, even though the upper limit on 
the latter is now in the 10~^^ range. B^ decays are less sensitive than Bg decays but are still 
of interest because they can be searched for in experiments at the T(45'). 



B. The Decays B —>■ tv, B ij,u and B —>■ ev. 

The decay B^ ^ r+z/ proceeds through the annihilation of the constituent quarks in 
analogy to the fi^u decay. The branching fraction is given by: 



57r \ m 



B / 

All the parameters in this equation are well known except the decay constant Jb and the 
CKM matrix element Vub- Given a more accurate knowledge of V^f, from other measurements 
and the experimental observation of the decay B^ — > r+z/, it would be possible to determine 
a value for Jb- The measurement of this decay constant is of fundamental importance for B 
physics since it enters into many other B decay measurements, including most notably BB 
mixing ||348 . 



The present theoretical estimates of /b from lattice QCD and QCD sum rules are in the 
range /b = (180 ± 50) MeV [ p49|| . Using this value of /b and our standard values of Vub 



and tb, we obtain a prediction of B{B^ — > r+z/) = 4.0 x 10^^. The decays B~^ fi^u 
and B~^ e^v have smaller branching ratios of 1.4 x 10~^ and 3.3 x 10~^^ respectively. 
The decays to the muon and electron are suppressed relative to the tau decay by a helicity 
factor proportional to the square of the lepton mass. The radiative decays B^ fiwy 
and B^ euj are less suppressed and occur at rates comparable to their purely leptonic 



counterparts 351 



CLEO II has searched for B^ t^v followed by r — > /z/z/. In this case, the observed 
showers and tracks, apart from the lepton, must originate from the other B meson. No 
additional leptons are allowed. Constraints on the missing energy and momentum are used 
to isolate the signal. No significant excess is found. This leads to a 90% C.L. upper limit 
of B{B^ T^v) < 2.2 X 10^^ ||350|| . Using the same technique as in their analysis of the 



mode B tvX (see section V A 4| ) , but requiring additional missing energy, ALEPH finds 
B{B+ r+z/) < 1.8 X 10-3 p7| . 



CLEO II has also searched for B^ n'^u as well as B^ e+z/. The B meson decays 
almost at rest into a /i"*" (or e"*") and a neutrino which are back-to-back and have energies 
of about 2.65 GeV. The muon is well identified and has little background. The neutrino is 
"detected" by calculating the missing momentum Pmiss of the whole event. If all the decay 
products of the other B~ have been measured by the CLEO II detector Pmiss will be a good 
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estimator of the neutrino momentum. Then the analysis proceeds as if this were a fully 
reconstructed B decay, with the calculation of the energy difference, AE, and the beam- 
constrained mass, Mb- The analysis is almost background free, and gives a 90% C.L. upper 
limit of B{B^ Z^^^^) < 2.1 x 10~^. The sensitivity in the electron mode is comparable, 
B{B+ ^ e+z/) < 1.5 X 10-5 p^. 



The limits on B^ ^ t^u and B~^ yU+z/ are both two orders of magnitude above the 
theoretical predictions, corresponding to the rather uninteresting limit on Jb of about 2.6 
GeV for | Kb/Kb I = 0.073. 

XVI. CONSTRAINTS ON THE CKM MATRIX 
A. Introduction 



One of the primary goals of the B physics program is the determination of the values 
of V, the CKM (Cabibbo-Kobayashi-Maskawa) couplings. The experimental results were 
discussed in previous sections. We now summarize their implications for the CKM matrix. 

The usual form of the CKM matrix is given below. 



V 



' Vud Vus Vuh 
Vcd Vcs Vcb 

\ Vtd Vts Vtb 



(55) 



The matrix V can be expressed approximately as 



/ 



V 



AV2 
-A 



\ylA3(l - p-if]) 



A 

-AV2 



1 



if])' 



+ 0{\' 



(56) 



This empirical parameterization, suggested by Wolfenstein, is correct to terms of order A^ 
with A = sinOcabibbo ~ 0.22 0. As noted by Buras, Lautenbacher, and Ostermaier, in the 
future as the precision of measurements improves, the above approximation will have to 
be extended to be correct up to order A® |p54| ]. This can be accomplished by adding the 
correction 



AV 



( -A78 

A^A^d - p - Z77) 
A5(P + %!]) 



2 



\ 2 

AX\\ 





+ 1/8)A4 




(57) 



B. The CKM element \Vcb\ 



The value of V^f,, the fundamental weak interaction coupling constant, may be determined 
from the semileptonic width: 

V{h-^clv)=^l\V,b? 
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FIG. 60. Representation of the Bjorken or Unitarity triangle in the complex plane. 



where 7c is a constant determined from theory e.g. quark model calculations. The semilep- 
tonic width is obtained from measurements of the semileptonic branching fraction and the 
appropriate average of the charged and neutral B meson lifetimes, (< tb >) 



<Tb> 



The width has a ml dependence on the b quark mass although Shifman et al. argue that in 
a certain limit, the dependence is much weaker and is proportional to nib — [ |152|| , ||150|| . 



Their calculation and the world average for the semileptonic branching fraction give, 

iKfelinciusive = 0.03965 ± O.OOl(exp) ± 0.002(theo) 

where the first error is experimental and the second is the quoted theoretical uncertainty. 
The theoretical uncertainty in the determination of \Vcb\ from inclusive semileptonic decays 
is currently a matter of active discussion and no clear consensus has emerged [|147| . 

Two other methods are used to determine the value of \Vcb\- These are measurements of 
the total widths of exclusive final states from branching fractions and measurement of the 
B — »• D*ii' rate at zero recoil. The former method of obtaining \ Vcb\ from the total rate has 
the distinct advantage that the models used make other detailed predictions for form factors 
and various other observables which can be experimentally verified. In addition, all of the 
data can be used unlike the HQET inspired method which is valid only near zero recoil. 
Using the world average of the branching fraction for B D*iv and the ISGW model to 
obtain the central values, we find 

\V,b\ Exclusive 

0.0347 ± 0.0016(exp) ± 0.0024(theo) 

For the HQET method, which requires experimental measurements of the differential 
spectrum of -B ^ D*C.v decays, there are two significant uncertainties in the final determina- 
tion of \Vcb\ from measurements of the spectrum at zero recoil. These arise from the model 
dependence in the calculation of the corrections to ^(1) and the lack of knowledge 

of the functional form of the function ^{y) which is used for the extrapolation. Using the 
value of ^(1) recently calculated by Neubert ||148|1 and the world average for the experimental 
intercept gives 

iKfelHQET = 0.0386 ± 0.0024(exp) ± 0.0012(theory) (58) 
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where the first error is experimental and the second is the theoretical uncertainty in ^(1). 
The model dependence from the theoretical uncertainty in the normalization is about 4% 
but may be reduced in the near future. 

A precise determination of \Vcb\ constrains the product AX"^, following the notation of 
Wolfenstein. Since A is well determined from measurements of kaon decays, the parameter 
A is determined from |V"cf,|. Using A = 0.2205 ± 0.0018, the world average computed by the 
PDG group, and the value of \Vcb\ obtained using HQET, gives 

A = 0.794 ±0.049 ±0.025 (59) 

A very precise value of \Vcb\ is desirable in order to check the unitarity of the CKM matrix 
as well as for a number of phenomenological applications. For example, one of the largest 
uncertainties in the determination of the location of the vertex in the p, rj plane using e, 
the CP violation parameter in kaon decay is the parameter A. In other words, in order to 
interpret CP violation in the kaon sector and predict the magnitude of CP asymmetries for 
B mesons, a precise measurement of |Vcfe| is required. In addition, as emphasized by Buras 
| 355|| , rates for certain rare kaon decays such as Kl n^i'^i', Kl — > ti^up depend on 
|Vcfe|^- It will be worthwhile to test the Standard Model and verify that the value of \Vch\ 
from such loop induced decays in the kaon sector agree with the value of |V"cb| from tree level 
semileptonic B decays. 



C. The CKM element \Vuh\ 

In the Wolfenstein parameterization, the value of |\4f,/V"cfe| is approximately A \p — iri\. 
Thus the measured value of this ratio constrains the vertex of the Bjorken triangle (see 
Fig. ^OD to lie on a circle of radius A \/ + Vj'^ in the p — rj plane. 



The value of this ratio is determined from measurements of inclusive h uiu decays. 
Using the central value from the ACCMM model gives 

1^1 = 0.073 ± 0.011 (exp) ± 0.01 (model) (60) 

Vcb 

where the first error is the sum in quadrature of the experimental statistical and systematic 
errors and the second error is due to model dependence. Quantifying model dependence is 
difficult. An alternate way is to give the allowed range, 

0.055 < iKb/Kfel < 0.095, 

which corresponds to a one standard deviation variation on each of the models considered. 
The measurement of \Vub/Vcb\ gives the constraint y/ p^ + r]'^ = 0.331 ± 0.067. At present, a 
large uncertainty in the radius of this circular region in the p, rj plane is due to the model 
dependence in the extraction of \Vub\- This may be improved with additional theoretical 
work as well as the observation of exclusive charmless semileptonic decays. 
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D. The CKM element \Vtd\ 



In the Standard Model, AM^ for — mixing is 

AM, = -^,msm1 F{^) VqcdBbJI\V*V,,\' 
OTT^ ^m^r " 

where Gp is the weak couphng constant, rrit is the top quark mass, F is a sfowly decreasing 
function which depends on rrit and m^y, rjQCD is a factor which accounts for QCD corrections, 
Bb^ is a constant which is used to account for the vacuum insertion approximation, and Jb 
is the decay constant of the B^ meson. 

Since the mass of the top quark has been determined {rrit = 179 ± 10), and the QCD 
correction has recently been calculated to NLO by Buras, Jamin, and Weisz ||179|| {jiqcd = 

1/2 

0.55), the largest remaining uncertainties in AM, arise from the product B^ /b^- This last 
factor must be determined from non-perturbative methods such as lattice QCD, QCD sum 

1 /2 

rules, or potential models. One estimate is BJ^ Jb^ = 180 ± 50 MeV. This covers the range 
found in the lattice calculations by the UKQCD, ELC, and Bernard et al. groups |f^75 |. 



However, this estimate should be regarded with considerable caution and the assigned error 
may be an underestimate. 

Using these parameters and the world average for AM^^ = 0.468 ± 0.026(ps)~^ gives 



\Vtd\ = (0.92 ± 0.03 ± 0.09 ± 0.24) x 10"^ 
where the first error is statistical, the second is due to the top quark mass, and the third 

1 /2 

is the uncertainty in the product B^^ Jb^- At present, the experimental limits on B ^ tu 
from ALEPH and CLEO II give the constraint Jb^ < 2.6 GeV. A factor of ten improvement 
in sensitivity is required to reach the range of interest for Jb- A complementary approach 
is to measure the decay constants of charmed mesons (i.e. fn^, fD+) which can be used to 
verify the lattice calculations and then be scaled to the B mass. 
Since 

in the usual parameterization, the modulus is 

Thus, a precise determination of \Vtd\ constrains the vertex of the Bjorken triangle to lie on 
a circle centered at p = 1, rj = with radius AX^ and further reduces the allowed range of 
CP asymmetries in the Standard Model. At present, the experimental measurements give 
the constraint, 

' 1 - p2) + 7^2 = 1±0.3. 



E. The CKM element IK 



ts\ 



The CKM parameter \ Vts\ can be extracted from a measurement of the branching fraction 
for the electromagnetic penguin. There are many calculations of the inclusive rate for 6 — >■ 57 
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|318|| , ||319|| . The rate has a logarithmic dependence on the top quark mass, rrit, and is 



proportional to the product of CKM matrix elements |VtsVtf,| . Large leading order QCD 
corrections increase the rate by a factor of about 3.5. Using the measurement rrit = 179 ± 
10 GeV, and allowing the range of mass scales, /i, at which the QCD corrections are evaluated, 
to vary between mf,/2 and 2mf,, Buras et al. calculate the inclusive rate to be (2.8±0.8) x 10"^ 



356|| . This prediction is completely consistent with the experimental results discussed in 
the previous section. The theoretical uncertainty from the scale dependence (/i) should be 
significantly reduced when a calculation including next to leading order QCD corrections is 
completed. Ali and London have used the new experimental bounds to determine the range 
of possible values for the ratio CKM matrix element |VJs/Kfe| ||357|| : 



Qm<\Vtjv,,\ < 1.1 

which is expected from unitarity to be close to 1. 

Using heavy quark symmetry, the D — > K* and B K* form factors can be related 
at certain kinematic points. Models are then used to extrapolate and obtain form factors 
for the entire kinematic range in B ^ K* decays. Using experimentally measured form 
factors for D K*ii>, the measured branching ratio for B K*'y can then be used to 
determine a value of Griffin, Masip and McGuigan have carried out this program and 
find \Vts\ = 0.026 ± 0.006(exp) ± O.Oll(theo) where the first error is from experimental data 



and the second arises from theoretical uncertainties p5£ 



F. The ratio \Vts/Vtd\ 

In the future, measurements of Bg — Bg mixing may allow the determination of |l^s/Vtd| 
in a manner which is fairly independent of hadronic uncertainties. This would constrain the 
quantity \1 — p — irjl and circumvent the problems associated with hadronic uncertainties in 
Bd — Bd mixing. The existing limit from ALEPH on Bg — Bg mixing implies 

— ^ = (1.2 ± 0.1)1 — p > 7.9 =^ 1 — 1 > 3.0. 
Amrf Vtd Vtd 

This gives the constraint 



;i + r/2 < 1.5 

with minimal uncertainties from non-perturbative physics. This is slightly better than the 
bound from the unitarity of the CKM matrix. 



Using the constraint (y (1 — p^) + rf = 1±0.3) obtained from Bd mixing and the relation 
Xd/xg = (1//)A2|(1 — p — i'ri)\'^ gives Xg/xd = 13.2 ± 7.9 where / takes into account SU{?>) 



breaking and is assumed to be 1.25 ± 0.1 [p83|| , ||358|| . This implies = 19 ± 11. The 



Standard Model parameters preferred in a recent fit by Ali and London ||357|| , which uses all 
available experimental constraints, also indicate that Xg is large, 

Xg = 19.4 ±6.9 

for fs^ VBbs = 230 MeV. Such rapid time dependent oscillations of the Bg meson will be 
extremely difficult to measure in future experiments at high energy colliders or asymmetric 
B factories. 
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The ratio \ Vtd/Vts\ 
(or B 077) and B — ; 
to cancel. 

B{B 



may be determined from a comparison of the decay rates for B pj 
■ K*'y. In this ratio many of the theoretical uncertainties are expected 



^1 



td |2 



B{B- K*~-f) B{B~ K*--i) " ' Vts 

where the factor ^ accounts for SU(3) breaking effects. This gives limits on \ Vtd/Vts 



0.64 and 0.75 for different models of SU{?>) breaking in the form factors. 



contribution of long distance effects in this ratio is still in dispute ||324|| , 
For example, Cheng 



between 
The possible 
p27 |. 



325|| finds that the decay i? — *• p7 is dominated by the short distance 
penguin and gives a possible 10-20% contribution to the amplitude from long distance effects. 
If these long distance effects can be shown to be manageable, then this ratio will also provide 
useful constraints in the future. 



G. CP Violation 

The three internal angles of the Bjorken triangle can be expressed in terms of CKM 
elements 

These angles can be measured indirectly once each of the CKM elements is precisely 
determined. The allowed values for the upper vertex of the unitarity triangle is shown in 
Figure |6l] ||357|| . It is also possible to determine the angles directly from observations of 
time dependent CP asymmetries in B^ decay. The ultimate goal is to measure both the 
angles and the CKM couplings to high precision and overconstrain the Standard Model. If 
a inconsistency is found, this would provide an indication for New Physics. 

Large CP violating asymmetries in the B^ system are generated hj B — B mixing. The 
simplest case to consider is a process where the final state is a CP eigenstate,|/cp >. The 
amplitude for the direct decay and the amplitude for the process where the B mixes to a 
B which then decays to the same final state cannot be distinguished. If the two amplitudes 
have some relative phase, then a measurable interference effect will be generated. As noted 
by A. Sanda, this is analogous to the double slit interference experiment of classical physics. 
The CP violating asymmetry is due to the analogue of the path difference, which in this case 
is introduced hj B — B mixing. 

The time dependent rates for an initially pure state to decay to a CP eigenstate \fcp > 
is given by 

T{B%t) ^ 1/ >) oc |A|2exp-^*(l±/m(A)sin(AMrft)) 

where the plus sign obtains for B^ and the minus sign for B^. This gives a time dependent 
CP asymmetry 

A{t) = 2ImX sin (AMat) 

For the case \fcp >= 'ipKg, ImA = —sin (2/5) the expected asymmetry is of order 0.6. 
Similarly, modes such as B^ tt+tt^ may give asymmetries proportional to sin (2a) which 
will also probably be order 0.2-1.0 . These asymmetries are considerably larger than the 
characteristic scale of asymmetries in the kaon sector, which are typically of order 10~^. 



131 



FIG. 61. The allowed region in the p,rj plane as determined from measurements of B decays 
and e from kaon decay. The dashed circles correspond to the constraints from the limits for Bg 
mixing with different assumptions on SU{'3i) breaking ||357|] . 



However, the branching fraction of the Bd meson to CP eigenstates is small and it is difficult 
to produce large numbers of B mesons. 

An additional complication arises when considering production at the T(45') resonance 
where the BB meson pairs are produced in a coherent state. The restrictions of quantum 
statistics lead to a CP asymmetry which depends on the difference of the decay times of 
the B^ and B^ mesons. This also has the unfortunate side effect that time integrated CP 
asymmetries for B^, mesons vanish [p64|| . 

Several solutions to this difficulty have been proposed. One alternative is to operate 
the experiment at a center of mass energy just above the threshold where BB* pairs are 
produced. In this case, time integrated asymmetries no longer vanish but the cross section is 
lower by at least a factor of five. Or one can operate at the T(4S') resonance with asymmetric 
energy beams. The center of mass frame will be boosted and the B decay lengths will be 
dilated to measurable distances. The latter solution has been chosen by the SLAC and KEK 
laboratories. Another possibility is to take advantage of the large cross sections for hadronic 
production of B mesons at either hadron collider of fixed target experiments. In this case, 
B mesons should be produced incoherently but it is quite challenging to trigger and operate 
the experiment in a very high rate environment. The high luminosity B factory projects are 
discussed in detail elsewhere 0, [0, 10], |]lO|, ||TT| . 



XVII. CONCLUSIONS 

Significant progress in the physics of B mesons has been made in the last several years. 
Improved measurements of branching fractions for semileptonic decays in conjunction with 
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more precise measurements of exclusive B lifetimes from LEP and CDF have improved the 
knowledge of the CKM matrix elements \Vcb\ and \Vub\- A number of experimental and 
theoretical approaches to a model independent determination of \Vub\ have been proposed. 
These will be one of the foci of experimental efforts in the future. 

Improved determinations of the — mixing parameters from CLEO II and the LEP 
experiments, as well as the determination of the top quark mass at CDF and DO have reduced 
the allowed range for the CKM element \Vtd\- The LEP experiments have provided the first 
evidence for time dependent oscillations of neutral B mesons. These experiments have also 
provided useful constraints on the Bg — Bg mixing parameter, which can be to constrain 
|^ts|/Kd|- Measurement of the Bg—Bg oscillation frequency is amajor experimental challenge 
for the high energy collider experiments. 

Results from CLEO 11 have significantly modified our understanding of hadronic B de- 
cay. The data and measurements of branching fractions are now of sufficient quality to 
perform non-trivial tests of the factorization hypothesis including comparisons of rates for 
^0 _^ D*+X- (where X' = 7r-,p-, or a^) with rates for p*+e-p at q"^ = M|, as well 
as comparisons of the polarizations in 5° D*~^p~ with B^ — > D*~^£~i/£. In all cases, 
the factorization hypothesis is consistent with the data at the present level of experimental 
precision and for < m^^ . 

Improved measurements of branching ratios of two-body decays with a final state ip meson 
have been reported from ARGUS and CLEO II. The decay B — > t/jK* is strongly polarized 
with Fl/F = (78 ± 7) %. Therefore, this mode will be useful for measuring CP violation. 

There is no evidence for color suppressed decays to a charmed meson and light neutral 
hadron in the final state. The most stringent limit, B{B^ D^ti^) / B{B^ — > D'^ti") < 0.07 
from CLEO II, is still above the level where these color suppressed B decays are expected 
in most models. The observation ol B ^ modes shows that color suppressed decays are 
present. Using results on exclusive B ip decays from CLEO 1.5, CLEO II and ARGUS, 
we find a value of the BSW parameter \a2\ = 0.23 ± 0.01 ± 0.01. We also report a new 
value for the BSW parameter |ai| = 1.03 ± 0.04 ± 0.06. By comparing rates for B^ and 5° 
modes, it has been shown that the sign of 02/01 is positive, in contrast to what is found in 
charm decays. 

There has been dramatic progress in the study of rare decays. CLEO II has reported 

evidence for charmless hadronic B decay in the sum of B ^ K^tt~ and B — > tt+tt" and has 
observed the first direct evidence for the radiative penguin decay B K*^ with a branching 
fraction of (4.5 ± 1.5 ± 0.9) x 10^^ consistent with Standard Model expectations for a heavy 
top quark. CLEO II has also succeeded in observing the inclusive process, 6 — > 57 and finds 
B{h 57) = (2.32 ± 0.57 ± 0.35) x 10"^ . These results restrict the allowed range for \Vts\ 
and constrain physics beyond the Standard Model. 

Large samples of reconstructed hadronic decays will be obtained in the next few years by 
the CLEO II collaboration as a result of further improvements in the luminosity of CESR, 
and in the performance of the CLEO II detector. There will also be significant increases in 
the size of data samples available to the CDF experiment. These will permit accurate tests 
of the factorization hypothesis over the full range. The large tagged sample at CLEO can 
be used to study inclusive properties of B^ and B^ decays and constrain fs via B^ r+z/. 
Measurements of additional decays to final states with charmonium mesons will be performed 
and other color suppressed decays will be observed. 
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Larger data samples should allow further results to be obtained on rare B decays including 
the observation of — > vr+vr^, B^ — K~^7r~ and a measurement of the inclusive process 
b ^ s gluon. The measurement of several rare hadronic decays would provide information on 
the relative importance of the penguin and spectator amplitudes. Additional electromagnetic 
penguin decays such as S — > p(a;)7, B — > K**^, and B — > K*t^l'' may be observed. These 
provide further constraints on the Standard Model parameters \Vts\ and \Vta\-i as well as on 
extensions of the Standard Model. 

The ultimate goal of the study of B mesons is to measure the large CP asymmetries 
predicted by the Standard Model in decay modes such as B^ — >• B — > tt+tt^ and 

B~ D^K~ . In order to throughly test the consistency of the Standard Model's description 
of CP violation in these decays, the mechanisms of B decay must be well understood. This 
review shows that rapid progress is being made in this program. 
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APPENDIX 

Tables [XXXIX| and in the body of the paper contain the B meson branching fraction 



as measured by the ARGUS, CLEO 1.5 and CLEO II experiments. In this appendix we list 
more technical information found in the ARGUS Q - |3[, and CLEO @, |32 



210|| , publications. This includes the number of signal events and the reconstruction 



efficiencies. Note that different experiments used different procedures to obtain branching 
ratios in modes where several D or ip decay channels were used (see Sec. |II C| . The infor- 
mation provided here will be useful to estimate the signal yields for future B experiments 
and also to rescale the B meson branching ratios when more precise measurements of the 
charmed meson branching fraction become available. 
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TABLE LVIII. Detailed B' branching ratios. Experiment: ARGUS 



B- 


decay 


Signal events 


Branching ratio [%] 


B- 


^D\- 


12 ±5 


0.22 ±0.09 ±0.06 ±0.01 


B- 




19 ±6 


1.41 ±0.43 ±0.39 ±0.06 


B- 


-> D*^Tr- 


9±3 


0.38 ±0.13 ±0.10 ±0.02 


B- 


D*^p~ 


7±4 


0.94 ± 0.56 ± 0.35 ± 0.04 


B- 


— Dj ' TT 


6±3 


0.13 ± 0.06 ± 0.03 ± 0.01 


B- 




26± 10 


1.64 ±0.64 ±0.37 ±0.07 


B- 


J " 


5±3 


0.32 ±0.19 ±0.07 ±0.01 


B- 


L>*+7r-7r- 


11 ±6 


0.24 ±0.13 ±0.05 ±0.01 


B- 


S 


4.4 ±2.2 


1.69 ±0.85 ±0.27 ±0.41 


B- 


D^D*- 


2.3 ± 1.8 


1.13 ±0.85 ±0.20 ±0.27 


B- 


D*^D- 


2.0 ± 1.4 


0.79 ±0.55 ±0.11 ±0.19 


B- 


b 


4.8 ±2.5 


1.89 ±0.98 ±0.28 ±0.46 


B- 




6 


0.08 ± 0.04 ± 0.01 


B' 


i}'K- 


5 


0.20 ± 0.09 ± 0.04 


B- 




2 


0.19 ±0.13 ±0.03 


B- 




< 3.9 


< 0.53 at 90% C.L. 


B- 


■lpK~TT^7T~ 


< 8 


< 0.19 at 90% C.L. 


B- 




3 


0.21 ±0.12 ±0.04 


B- 


-> XciK- 


4 ±2.0 


0.22 ±0.15 ±0.07 



TABLE LIX. Detailed S° branching ratios. Experiment: ARGUS 



i?'-' decay 


Signal events 


Branching ratio [%] 




22 ±5 


0.48 ± 0.11 ± 0.08 ± 0.03 


BO D+p- 


9±5 


0.90 ±0.50 ±0.27 ±0.06 


BO D*+7r- 


12 ±4 


0.25 ±0.08 ±0.03 ±0.01 




19 ±9 


0.64 ±0.27 ±0.25 ±0.03 


B° L>*+7r-7r-7r+ 


26 ±7 


1.09 ±0.27 ±0.32 ±0.04 




2.4 ± 1.8 


1.05 ± 0.80 ± 0.35 ± 0.26 


^0 ^ D+D*- 


3.2 ±2.0 


1.67 ± 1.05 ±0.52 ±0.41 


BO D*+D- 


2.6 ± 1.8 


0.83 ±0.59 ±0.11 ±0.20 


BO _^ D*+D*- 


3.9 ±2.0 


1.54 ±0.83 ±0.24 ±0.37 




2 


0.09 ±0.07 ±0.02 




< 2.3 


< 0.30 at 90% C.L. 


B^ il;K*^ 


6 


0.13 ± 0.06 ± 0.02 


B^ ^'K*^ 


< 3.9 


< 0.25 at 90% C.L. 


B^ tp'K-Tr+ 


< 2.3 


< 0.11 at 90% C.L. 
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TABLE LX. Detailed B~ branching ratios. Experiment: CLEO 1.5 



B decay 



Signature 



Signal EfF. BR 



Branching ratio [%] 



B- 

B- 
B- 

B- 



D*°Tr- 



B- D*+Tr-Tr- 



B- 
B- 
B- 

B- 
B- 



ipK- 
ipK*- 



B — >■ ipK Tr~^ir 



K-TT+TT+TT- 

L>° ^ K-7r+ 

L>° ^ i^-vr+Tr+vr- 

K-TT+TT+TT' 



K-7r+ 



ip n'^ n , e+e 



19 ±5 
25 ±6 
10 ±4 



9±3 
12 ±4 

2.2 ± 1.5 
1.8 ± 1.5 

< 8 

< 3.5 

5.0 ±2.2 
11 ±3 

< 2.3 

< 2.3 



ip fi+fi-,e+e- 2±1 

ip' ^ tj,+fj,-,e+e- < 2.3 

tp' IpTT+TT- < 2.3 

ip ^ (i^ li~ , e~ 6±3 



0.42 
0.27 
0.05 



0.50 ±0.12 
0.50 ±0.10 
1.51 ±0.63 



34 ±8 0.32 1.24 ±0.31 



0.13 
0.08 

0.22 
0.13 

0.22 
0.11 

0.07 

0.41 

0.53 
0.23 



0.08 
0.03 



0.97 ±0.35 
0.95 ± 0.36 

0.15 ±0.10 
0.12 ±0.09 

< 0.54 

< 0.24 

1.66 ± 0.70 
0.09 ± 0.02 

< 0.10 

< 0.11 



0.05 0.15 ±0.11 



< 0.70 

< 0.82 



0.56 ± 0.08 ± 0.05 ± 0.02 

1.24 ±0.31 ±0.14 ±0.05 
1.00 ±0.25 ±0.18 ±0.04 

0.13 ±0.07 ±0.01 ±0.01 

< 0.37 

1.66 ±0.70 ±0.13 ±0.40 
0.09 ± 0.02 ± 0.02 

< 0.05 

0.15 ±0.11 ±0.03 

< 0.38 

0.14 ±0.07 ±0.03 



0.14 0.14 ±0.07 
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TABLE LXI. Detailed B° branching ratios. Experiment: CLEO 1.5 



decay 



Signature 



Signal Eff. BR 



Branching ratio [%] 



50 ^ ^+^- 

B° 0+7^-7^-71+ 

B° D*+p- 

B° V^*o 
5° ^ V^-7r+ 



D+ K-n+TT+ 

D+ K^TT+ 

K-7r+ 

K-TT+TT+TT- 



K-Tr+ 

R-TT+TT+TT' 

K-7r+ 
R-tt+tt+tt' 



V'' — >■ IJL+ jj,- , e+ e" 

1p' — >■ 1p7T+7T- 

ip l^^l^^, e+e~ 

■0' n+n- ,e+e~ 
tp' — >■ tpTT+TT- 

ip IJ,+ , e+ e- 7±3 



17 ±4 
4±2 

27 ±9 
11 ±4 

8±3 
9±3 

2± 1 
4±2 

18 ±4 
18 ±5 

3.0 ± 1.7 

3.0 ± 1.7 

3±2 

< 2.3 

< 2.3 

7±3 

2± 1 
lib 1 



0.33 
0.09 

0.22 
0.06 

0.34 
0.19 

0.02 
0.02 

0.15 
0.08 

0.10 

0.05 

0.15 

0.18 
0.07 



0.25 
0.10 



0.23 ± 0.06 
0.66 ± 0.36 

0.40 ±0.19 
3.20 ± 1.19 

0.36 ±0.14 
0.39 ±0.13 

1.35 ± 0.90 
1.93 ± 0.96 

0.17 ±0.05 
1.83 ± 0.58 

0.65 ± 0.36 

1.17 ±0.56 

0.07 ±0.04 

< 0.30 

< 0.35 



0.21 0.13 ± 0.06 



0.19 ±0.13 
0.11 ±0.11 



0.27 ±0.06 ±0.03 ±0.02 



0.81 ±0.21 ±0.09 ±0.05 



0.45 ± 0.11 ± 0.05 ± 0.02 



2.13 ± 0.90 ± 1.24 ±0.09 



1.77 ±0.31 ±0.30 ±0.07 



0.54 ±0.31 ±0.03 ±0.13 



1.17 ±0.66 ±0.09 ±0.28 



0.07 ±0.04 ±0.02 



< 0.16 



0.13 ±0.06 ±0.03 



0.15 ± 0.09 ± 0.03 



0.12 ±0.05 ±0.03 



0.19 0.12 ±0.05 
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TABLE LXII. Detailed B' branching ratios. Experiment: CLEO II 







S\ 1 crn £1 1 n t a 

kJ Illicit U.1 c 






EfF 


IDLX, [/OJ 


XJl diH^iliil^ 1 CLtiU 1 /tJ 1 


JD 


r JJ /( 












u.oo ZIZ U.Uft ZIZ u.uo ZIZ u.uz 






no ^ ft'- 


--77+ 


/ u.o in y . ± 




u.f4o ZIZ u.uu 








no ^ ft'- 


-tt+ttO 
n n 




n 1 Q 

w. ly 


n «Q _L n 07 
u.uo ZIZ u.u / 








no ^ ft'- 


/t /I /t 


y^: ziz ± L 


99 


u.o± ZIZ u.uu 




ID 


^ rfin- 

u p 












1 Qi -U019-I-014-I-0 04 

l.O-L ZIZ U.-LZi ZIZ U.l^y: ZIZ U.U^^: 






DO ^ K- 

xy XV 


■7r+ 


SO -1- Q 


fl Ifi 
u. ±u 


X.^U ZIZ u.xo 








->■ K- 

xy XV 


■tt+ttO 


AO 4- Q 


n OA 


A-.yjo zn u.^o 








^ ft'- 

xy ^ XV 


/TT- 1 /7T- 1 /TT- 
/I /I /I 


on zl -1- 1 9 1 


u.uo 


1 qa -I- n 1 fi 
-L.oo zn u. 10 




ID 


i n*o~-- 

? U Ji 












4Q -1- 07 08 00 
u.^y ZIZ U.U/ ZIZ u.uu ziz u.uu 






DO ^ ft'- 

X-/ 7 XV 


■7r+ 


J.O.O zc o.o 


n ifi 

u. ±u 


n QC _|_ n 1 Q 
u.ou zn u. ±0 








^ ft'- 

xy ^ XV 


■tt+ttO 

/I /I 


07 7 1 q 

KJ t . t -i— U. t7 




n «4 _|_ fl 1 9 








^ ft'- 

xy XV 


-TF 1 -TT" 1 -77" 
/I /( /I 


on -U A Q 

ZU.U ZIZ ^.iy 


u.uo 


n 47 _|_ n 19 

U.'4: / ZIZ \J. LZi 




JD 


— ^ r)*0/i~ 
u p 












1 ccQ _|_ n 90 -1- 9fi -1- 0"^ 
i.Oc/ ZIZ u.zu ZIZ u.zu ZIZ u.uo 






DO K- 

LJ " XV 


/I 


ZrO. 1 ZIZ 


u.uu 


1 74 _L n 07 

1 . / ■4: ZIZ U.O < 








rf> K- 

xy ? XV 




■4:0.0 ZIZ i .0 


u.uo 


07 _L n 41 

Zi.Zi 1 ZIZ U.t:X 








DO ^ ft'- 

xy r XV 


' '7r~^'7r~^'7r 
/( /( /( 


Ifi Q _|_ 4 

XU.C/ ZIZ t:.U 


u.uo 


-L.u / zn u.o^ 




JD 


^ -Ly Ji /( /I 












n no _|_n 90 -1-017-1-0 01 

yj.iyZi 3Z U.ZU ZIZ U.l 1 ZIZ U.U-L 






DO ^ ft'- 
xy ? XV 


■7r+ 


0.0 ZIZ ^.cJ 


U.UtJ 


n Ki _|_ n 9R 
u.ox zn u.^u 








do ^ ft'- 


/I /I 


97 7 _|_ 7 9 
^ t . t zn / 


n 09 

u.u^ 


1 7K -1- n zlfi 
1 . / u zn u.^u 








Jj — > K 




1 FT 1 r 

io ± 


U.Uo 


i.i4 zt U.oo 




B- 














1.83 ± 0.39 ± 0.33 ± 0.02 








■7r+ 


5.5 ±2.9 


0.05 


1.02 zb 0.52 












27.7 zb 7.2 


0.02 


3.46 zb 0.91 












15zb5 


0.03 


2.28 zb 0.67 




B 














< 0.14 






D+ K- 




< 10.3 


0.11 


< 0.14 





B- 
B- 

B- 

B- 



£>**0(2420)7r- 
L>**0(2420)p- 
£)**0(2460)7r- 



B- L>**0(2460)p- 



D*+Tr- 

D*+p- 

D*+Tr- 
D+7T- 

D+7T- 



B- 
B- 
B- 
B- 



D^D*- 
D*^D- 
D*^D*- 



14.1 zb 5.4 
8.5 zb 3.8 

3.4 zb 2.1 

3.5 zb 2.3 

< 5.6 

3.2 zb 2.4 

< 6.1 

58.4 zb 10.0 
16.1 zb 5.0 

13.5 zb 4.1 
14.9 zb 4.2 



0.11 zb 0.05 

< 0.13 

< 0.27 
0.21 < 0.13 

< 0.48 
0.08 <0.45 

2.00 X 10-3 (eBR) 
0.83 X 10-3 (eBR) 
0.43 X 10-3 (eBR) 
0.21 X 10-3 (eBR) 



0.18 ±0.07 ±0.03 ±0.01 
0.11 ±0.05 ±0.02 ±0.01 

< 0.13 

< 0.13 

< 0.45 



1.11 ±0.20 ±0.23 ±0.28 
0.79 ±0.25 ±0.15 ±0.19 
1.27 ±0.39 ±0.32 ±0.31 
2.82 ± 0.80 ± 0.59 ± 0.68 
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TABLE LXIII. Detailed B' branching ratios. Experiment: CLEO II 

B~ decay Signature Signal Eff. BR [%] Branching ratio [%] 

B- ipK- 0.110 ±0.015 ±0.009 

^ fi+H-,e+e- 58.7 ±7.9 0.47 0.11 ± 0.01 

B-^ip'K- 7.0 ±2.6 0.061 ±0.023 ±0.009 

B- il)K*- 0.178 ± 0.051 ± 0.023 

K*-^K-n^ 6.0 ±2.4 0.07 0.22 ± 0.09 

K*- KsTT- 6.6 ± 2.7 0.17 0.13 ± 0.06 
B- ip'K*- < 0.30 

K*- if-7r° 1 ± 1 < 0.56 

K*- KsTT- 1 ± 1 < 0.36 
B- XciK- 0.097 ± 0.040 ± 0.009 

Xci ^ 7^ 6.0 ± 2.4 0.20 0.10 ± 0.04 
B- ^ XciK*- < 0.21 

K*- K-TT^ 0.03 < 0.67 

K*- KsTT- 0.11 < 0.30 
B- Vtt" 0.005 ± 0.002 ± 0.000 

V' ^ e+e- 5±1 0.33 0.005 ± 0.002 
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TABLE LXIV. Detailed 5° branching ratios. Experiment: CLEO II 



decay 



Signature 



Signal 



Eff. BR \%] 



Branching ratio 



BO ^ D+TT- 
BO ^ D+p- 
5° ^ D*+Tr- 

^ B>*+p- 
BO £>*+7r-7r-7r+ 



BO ^ D^TT+TT- 

BO _^ £>**+(2460)7r- 
^0 ^ £)**+(2460)/9- 



50 

5" 



D*+D- 



D+^K--K+n+ 80.6 ±9.8 0.32 0.29 ± 0.04 
D+ if-7r+7r+ 78.9 ± 10.7 0.12 0.81 ± 0.11 



K-TT+TT+TT- 

K-'K+ 

K-7T+7T+7T- 
K-TT+TT+TT- 
K-TT+TT+TT- 



19.4 ±4.5 
31.9 ±6.4 

20.5 ±5.2 

21.9 ±5.2 

39.8 ±7.2 

14.6 ±4.6 

13.5 ±3.9 

21.7 ±5.9 

13.9 ±4.4 

13.5 ±3.9 
21.7 ±5.9 
13.9 ± 2.4 

< 10.1 

< 5.6 

< 5.1 
19.7 ±5.5 

10.3 ±3.6 

18.4 ±4.5 

17.7 ± 1. 1 



0.35 0.22 ±0.05 
0.14 0.30 ±0.06 
0.15 0.24 ±0.06 

0.12 0.71 ±0.17 
0.05 1.09 ±0.20 
0.05 0.47 ±0.15 

0.10 0.58 ±0.17 

0.04 0.68 ±0.18 
0.04 0.59 ±0.17 

0.10 1.16 ±0.34 
0.04 1.36 ±0.36 
0.04 1.17 ±0.34 

0.19 < 0.16 

0.26 <0.21 

0.11 < 0.47 
1.03 X 10-3 (eBR) 
0.47 X 10-3 (eBR) 
0.87 X 10-3 (eBR) 

0.38 X 10-3 ((-BR) 



0.29 ± 0.04 ± 0.03 ± 0.02 



0.81 ±0.11 ±0.12 ±0.05 



0.25 ± 0.03 ± 0.04 ± 0.01 



0.70 ±0.09 ±0.13 ±0.02 



0.61 ±0.10 ±0.11 ±0.02 



1.22 ±0.19 ±0.22 ±0.04 



< 0.16 

< 0.21 

< 0.47 

0.82 ±0.23 ±0.19 ±0.20 
0.95 ±0.33 ±0.21 ±0.23 
0.85 ±0.21 ±0.15 ±0.21 

1.85 ±0.16 ±0.33 ±0.45 
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TABLE LXV. Detailed B° branching ratios. Experiment: CLEO II 

decay Signature Signal Eff. BR [%] Branching ratio [%] 

BO 0.075 ± 0.024 ± 0.008 

ip ^ lj,+fj,-,e+e- 10.0 ±3.2 0.34 0.08 ± 0.02 

i?o ^ xp'K^ < 0.08 

5° ^ ipK*^ 0.169 ± 0.031 ± 0.018 

^ H+H-,e+e- 29.0 ±5.4 0.23 0.17 ±0.03 

B^^tP'K*^ 4.2 ±2.3 <0.19 

XciK^ < 0.27 

Xci ^ tV' 1 ± 1 0.14 < 0.27 

5° ^ Xci-^*° < 0.21 

Xci^lip 1.2 ±1.5 0.13 <0.21 

5° ^ < 0.0069 

tp ^ H+fx-,e+e- 1±1 0.22 < 0.01 
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